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PREFACE AND INTRODUCTION. 

"Alles Verf^taglidie ist nnr eia Gleichnin." 
(latelligibilit? is only a lik«ae». ) 

The elementary theory of electridty and magnetism is essen- 
tially an extension of the science of mechanics,* and the purpose 
of this iK)ok is to develop the science of electridty and magnetism 
from this point of view. 

The study of elementary physics, in one of its important phases 
is imt^inative like the study of geometry, its purpose is to ration- 
alize our experience of physical conditions and things, and the 
building up of the rational structure of physics should be the 
chief function of a text-book for students. This text has been 
prepared in accordance with this idea. 

The attempt has been made throughout to bring simple prac- 
tical applications into the mind of the student It would perhaps 
be ridiculous in a descriptive treatise on physics for college men 
to consider in detail those things which are universally and per- 
fectly known, but it is predsely such things that should be referred 
to in a rational treatise. If one is to rationalize, one must ration- 
alize about something. It is a mistake, however, to shape sdence 
instruction prematurely to practical (economic) ends, but such 
" practical " instruction is a very diflerent thii^ from the rational 
study of the things of everyday life. Eimtentary science instruc- 
tion must be made to touch upon the things of everyday life if it is 
to be effective. In no other way can what is best in sdence be 
realized anew in each succeeding generation of men, 

* See Art. 135 on the diitiDctioii between the mechanical theorjr aod the atomic 

Special attentioD is called to Art. 62 on the mechaoical aspect of Leni's Law ; to 
Chapter VI on Inductaiice ; to Art. S9 on the mechanical analogae of the condenser ; 
to Arts. 106, 107 and 108 on the mechanical analogies of electric dmibling ; and to 
Chapter IX on the mechanical conceptions a! the electromagnetic field and of electro- 
magnetic wavei. 
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Vt PREFACE AND INTRODUCTION. 

The authors feel that the appendices (a) on Terrestrial Magnet- 
ism, (i) on Ship's M^netism and the Compensation of the 
Compel (c) on Miscellaneous Phenomena, and (d) on Miscel- 
laneous Practical Applications will appeal to nearly every one 
who has occasion to use this book. Every student should know 
something about these various subjects but most of this material 
should be omitted from a first systematic study of the Elements 
of Electricity and Magnetism. The appendix on Ship's Magnet- 
ism and the Compensation of the Compass especially is recom- 
mended to those who wish to gain a clear insight into the physics 
of this subject. 

Following the plan of our Elements cf Mechanics, we wish to 
include an introduction in this text What needs to be said in 
introduction, however, is very brief, assuming that the student 
has read the introduction to our Mechanics, There seems to be 
among our students a general indifference towards rational 
physics study. What does this mean ? That all students are 
unworthy, or that physical science is at fault? Neither. It seems 
to us that this indifference is due to a misunderstanding, and we 
believe that it may be made powerless to deter the student from 
a reasonable expenditure of effort in the rational study of the 
physical sciences '^ young men be led to understand what Mnd of 
interest they may be expected to have in sttch study. Gilbert 
Chesterton, in his essays on HereHcs, says, very wisely, that the 
only spiritual or philosophical objection to steam engines is not 
that men pay for them or work at them or make them very ugly ; 
or even that men are killed by them ; but merely that men do not 
play at them. This is predsely the objection to physical science. 
Men do not play at it, or, when they do, it is play in the weakest 
and most contemptible sense of the word. Physical science in 
its elements is detached from the more intensely human interests, 
and the will alone can determine its pursuit 

The Atn'HORS. 

Mirch 13, 1908, 
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CHAPTER I. 
THE ELECTRIC CURRENT : ITS CHEMICAL EFFECT. 

1. The electric current. — When a wire is connected to the 
terminals of an ordinary battery, certain phenomena are produced 
and an declric current is said to flow through the wire. A wire 
in which an electric current is flowing is sometimes called an 
electric wire for brevity. The production of an electric current 
always requires a generator such as a battery or a dynamo. The 
path of the current is usually a wire and it is termed the electric 
circuit. If the path is complete, leading out from the generator 
and returning to it without break or interruption, the circuit is 
said to be closed; otherwise, the circuit is said to be open. A 
steady electric current always flows in a closed circuit, that is, in 
a circuit which goes out from the generator and returns to it, and 
the current ceases to flow when the circuit is broken. 

Certain substances such as metals and salt solutions may form 
portions of an electric circuit. Such substances are called electri- 
cal conductors. Other substances, such as glass, hard rubber, air, 
and dry wood, cannot form a portion of an electric circuit, that 
is, the electric current cannot flow through them to any appreci- 
able extent. Such substances are called insulators,* 

Energy must be supplied to an electric generator (chemical 
energy in the case of a battery, mechanical energy in the case of 
a dynamo), and this enei^y reappears in various parts of the 
electric circuit through which the current flows. Thus, energy 
reappears as heat in an electric lamp and as mechanical work in 
an electric motor. 

The magnetic effect of the electric current. — When an electric 
■wire is held above a compass and parallel to the compass needle, 
the compass needle is deflected. When an electric wire is 

* All substances conduct the electric current more or less. See Art 14. 
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2 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

•^aJjjetcheiJ.iie^iDtidend of a magnet, as shown in Fig. i, the wire 
. js.gushei.sideivise^ indicated in the figure. When an electric 




current flows through an insulated wire which is wound around 

an iron rod, as shown in Fig. 2, the iron rod is magnetized, as 

indicated by the letters WS. These effects constitute particular 

._. ._ Cases of what may be called in 

^ ^ .llflltffllftlllM ^ ^^"^"^ *^^ magnetic effect of the 
I -- - I electric current.* The magnetic 

effect of the electric current, which 
is shown in its simplest aspect in 
Pjg_2, F'g- ii is exemplified in a common 

form of ammeter, the working parts 
of which are shown in Figs. 30 and 2^. A horse-shoe magnet 
of steel is provided with soft iron pole-pieces A7V and SS, be- 
tween which a soft iron cylinder C is rigidly supported by being 
bolted to the brass strip A. In the spaces between the pole- 
pieces and the cylinder C move the sides or limbs of a small 
coil of wire which is delicately supported upon a pivot and which 
carries a pointer which plays over a divided scale. Current is 
led into this movable coil through the hair-spring at one end and 
through a very flexible conductor at the other end, and the side 
force which is exerted upon the limbs of the coil by the magnet 

* Another aspect of the magnetic effect of the electric cuireDt, nunelj', the pro- 
dnction of current in ■ wire when the wire is in motioo near a magnet, is discussed in 
Art 63. 
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THE ELECTRIC CURRENT. 3 

poles NN and 55 'turns the coil until this side force is balanced 
by the action of the hair-spring. 

The magnetic effect of the electric current which is shown in 
its simplest aspect in Fig. 2, is exemplified in the Morse tele- 



graph. A battery B, Fig. 4, is connected through a long line 
so as to send current through a wire which is wound on an iron 
rod RR at a distant station. A device K, called a key, is 
arranged for opening and closing the circuit through which the 
electric current flows, and the rod RR is magnetized every time 



fsHji ^"-^ ' ar 

v. gnaitd ntum B-0 1 

Pit.*. 

the key is closed, thus causing the rod RR to attract a small 
bar of iron / which is attached to a pivoted lever A ; and when 
the key IC is opened, the rod RR loses its magnetism and 
ceases to attract the iron /. In this way the pivoted lever A is 
caused to move back and forth with the opening and closing of 
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4 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

the key K, thus producing any desired series of signals at the 
distant station.* 

The chemkal effect of the electric current. — When a solution 
of a chemical compound forms a portion of an electric circuit, the 
compound is, in general, decomposed by the current This 
chemical effect of the electric current is exemplified in the prac- 
tical operation of electroplating. The essential features of an 
electroplating outfit are shown in Fig. 5. W 
is a vessel containing, for example, a solution of 
copper sulphate., The metal object (? to be 
plated is attached to one terminal of a battery 
B, a copper plate C is attached to the other 
terminal of the battery, and the current causes 
copper to be deposited upon the object 0. 
The heating effect of the electric current. — A 
wire, or any substance which forms a portion of an electric circuit, 
has heat generated in it by the current. This heating effect of 
the electric current is exemplified in the ordinary electric lamp, the 
carbon filament of which foims a portion of an electric circuit, 
and is heated to incandescence by the current. 

Hydraulic antdogue of the electric current. — The flow of an 
electric current through a circuit of wire is to some extent anal- 
ogous to the flow of water through a circuit of pipe. The pump 
which propels the current of water is analogous to the generator 
which propels the electric current, and the circuit of pipe which 
goes out from the pump and returns to it is analogous to the 
drcuit of wire. Energy must be supplied to the pump to produce 
the flow of water through the pipe, and this enei^ reappears as 
the heat which is developed by the friction of the water in the pipe 
or as the mechanical enei^ which is developed by a water 
motor through which the water current is forced. Similarly, 
energy must be supplied to an electric generator, and this energy 
reappears in the electric drcuit as heat or as the mechanical energy 

* The Mone TeleKTa;^ is desciibed quit« full; id Appendix D. 
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THE ELECTRIC CURRENT. 5 

which is developed by an electric motor through which the electric 
current is forced. 

An electric current flowing through a wire produces an influ- 
ence which extends throughout the region surrounding the wire, 
as is evident from the fact that a compass needle is deflected when 
it is brought near an electric wire. There is, however, no influ- 
ence exerted in the region surrounding a pipe through which 
water is flowing. Therefore the hydraulic analogue of the electric 
current is of no help in giving one a conception of the magnetic 
effect of the electric current. In the study of those phenomena 
of the electric current which depend upon its magnetic effect, the 
hydraulic analogue must be used with caution. 

2. The chemical effect of the electric Guirent* — When a solution 
of a chemical compound forms a portion of an electric circuit, the 
compound is, in general, decomposed by the current, as stated 
above. Thus, melted salts, and acids and salts in solution are 
decomposed by the electric current This chemical decomposi- 
tion is called electrolysis, and the liquid in which electrolysb takes 
place is called an electrolyte. Electrolysis is usually carried 
out in a vessel provided with two flat plates of metal or carbon 
which serve to lead the current into and out of the electrolyte. 
Such an arrangement is called an electrolytic cell, and the plates 
of metal or carbon are called the electrodes. The electrode upon 
which the metallic constituent of the solution is deposited is called 

*The chemical eflect of the electric curreDt ii exemplified \>j miui; electrochemical 
processes which are now used on a large scale in various industrial establishments. 
See The Electrochemical Manufactures at Niagara, Etectrochtmical Industry, Vol. I, 
pages 11-33; The Electrolytic Refiniag of Copper, Engintering and Mining 
Journal, September 19, 1896, and Electrochemical Industry, Vol. I, page 416, 
August, 1903, and The Manulacture of Aluminum by Electrolysis, Elictrockemical 
Industry, Vol. 1, page 158, June, 1903. 

Perhaps the best modern treatises on the phenomena of electrolysis are the 
following : 

A Ttxl-book of Electro-chemistry by LeBUne, translated by W. R. Whitney and 
J. W. Bioirn, The Maaniltan Company. 

EUctro'-ckcmistry by Danneel, translated by Merriam, John Wiley & Sons. 

TTte Ttuory 0/ Electrolytic Dissociation by H. C. Jones, The Macmillan Company. 
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6 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

the cathode, and the other b called the anode. It is customary 
to speak of the current as flowing into an electrolytic ceil at the 
anode and out of the cell at the cathode, that is, ike electric cur- 
rent is considered to flow in the direction in which the -metallic con- 
stituent of the solution is carried in an electrolytic cell. 

Consider a solution of hydrobromic add (HBr), When an 
electric current is passed through this solution, hydrogen (H) 
is liberated at the cathode and bromine (Br) is liberated at the 
anode. In general, the molecule of any dissolved salt or acid is 
separated into two parts by electrolysis ; one part is liberated at 
the cathode and is called the cathion, and the other part is liber- 
ated at the anode aad is called the anion. Thus, hydrogen (H) 
is the cathion and bromine (Br) is the anion of hydrobromic 
add. In all metallic salts the metal constitutes the cathion and 
the acid radical or halogen constitutes the anion. In acids the 
hydrogen constitutes the cathion and the add radical or halogen 
constitutes the anion. Thus, the cathion of copper sulphate 
(CuSOj) is copper (Cu), and the anion is the add radical (SO,). 

In many cases the cathion and anion are not actually liberated 
at the electrodes because of what are called secondary reactions. 
Thus, in the electrolysis of an aqueous solution of sodium chloride 
(NaCI), the cathion (Na), when it is liberated at the cathode, 
immediately reacts upon the water, forming NaOH and free 
hydrogen ; in the electrolysis of copper sulphate between copper 
electrodes, the anion (SO,) combines with the copper of the 
anode forming fresh CuSO, which goes into solution or is 
deposited as crystals on the anode if the solution is saturated; in 
the electrolysis of HjSO^ between inert electrodes such as car- 
bon or platinum, the hydrogen is liberated at the cathode as a 
gas, and the anion (SOJ reacts on the water according to the 
formula SO^ + H^O = HjSO, + O and the free oxygen escapes 
as gas. The reason for taking the unfamiliar substance hydro- 
bromic acid in the above example is that in the electrolysis of 
hydrobromic add there are no secondary reactions at the 
electrodes. 
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THE ELECTRIC CURRENT. 7 

The chemical action which is caused by the flow of current 
through an electrolytic cell is confined wholly to the immediate 
neighborhood of the electrodes. This is exemplified by passing 
an electric current through a solution of lead nitrate between lead 
electrodes in a narrow glass vessel which can be placed before the 
lantern and projected on the screen. The lead is deposited upon 
the cathode in beautiful feather -like crystals, and the solution in 
the immediate neighborhood of the cathode becomes less dense 
as the lead is deposited out of it upon the cathode as may be seen 
by the upward streaming of the solution near the surface of the 
cathode. On 'the other hand, the solution near the anode is 
increased in density by the dissolving of the lead of the anode by 
the NOj which is liberated there by the current, as may be seen 
by the downward streaming of the solution in the neighborhood 
of the anode. The solution remains entirely unchanged through- 
out the region between the electrodes.* 

The dissolving of the metal of the anode may be observed 
directly by reversing the current, thus causing the feather-like 
crystals of lead which have already been deposited upon one of 
the lead electrodes to become the anode. Under these conditions 
the crystals are seen to dissolve rapidly. 

3. Measurement of current by Its chemical effect. Definition of 
the ampere. — The electric current in a wire may be measured in 
terms of its magnetic effect, or in terms of its heating effect, or in 
terms of its chemical effect. Thus, it would be permissible to 
think of one current as being twice as strong as another if it would 
produce twice as much heat per second as the other current when 
it is allowed to flow through a given wire ; f but the magnetic 
effect has been adopted as the basis of current measurement as 
fully explained in Chapter IV. The measurement of current by 
its chemical effect, however, is consistent with the fundamental 
measurement by magnetic effect, and therefore, we may for the 

• Escept for a slight rise of temperatnre due to the heating effect of the current 
f A detimtioD of current strength on this basis would lead to a more ccanplicated 
scheme of electrical theory than that at present in vogue. 
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8 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

present define the strength of an electric current as proporHonal 
to the amount of a given metal deposited by the current per second 
in an elec^olytic cell. 

The international standard ampere is defined * as that strength 
of current which will deposit 0.001118 gram of silver per second 
from an aqueous solution of pure silver nitrate. Another unit of 
current, the abampere or c.g.s. unit, is defined in Art. 52. 

The coulombmeter. — An electrolytic cell arranged for the meas- 
urement of current by weighing the amount of metal deposited by 
the current in a given time is called a coulombmeter.f Thus, 
the copper coulombmeter consists of a glass vessel containing an 
aqueous solution of copper sulphate and having sheet-copper 
electrodes. The cathode, or gain-plate, is weighed at the begin- 
ning and again at the end of the run, and the strength of the cur- 
rent is calculated by dividing the observed amount of deposited 
copper by the amount of copper that would be deposited in the 
same time by one ampere. 

Current density at an electrode. — The quotient of the current 
flowing through an electrolytic cell divided by the active area of 
one of the electrodes is called the current density at that electrode. 
The physical character of the metal which is deposited by an 
electric current depends very greatly upon the current density at 
the electrode upon which the metal is deposited. Thus, metallic 
copper is deposited from a solution of copper sulphate as a 
smooth, solid layer if the current density does not exceed 0.02 
ampere per square centimeter, whereas the deposit becomes very 
rough with projecting crystals of the metal if the current density 

• In accordance wilh the recommendations of the International Electrical Congress 
which met Bt Chicago in 1893. The fundamentHl definition of the ampere is, based 
upon the magnetic effect of the electric current Bs explained in Art. 53. The lalue 
of acurrent in amperes (as defined by the magnetic effect) may be determined from 
purely mechanical measurements as eiplained in Art. 59. In this way the amount of 
diver deposited in one second by one ampere may be determined. This determination 
bas been made a number of times with great care, the latest determination being that 
of H. S. Carhart and G. W, Patterson. Set Journal offhc Institution of Eltctrieat 
Engineers, Vol. 34, pages 185-189, February, 1905. 

'I' Sometimes called a voltameter. 
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THE ELECTRIC CURRENT. 9 

is greatly in excess of this. The character of the chemical action 
which takes place at an electrode also depends upon the current 
density. Thus, copper alone is deposited upon a cathode from a 
mixed solution of zinc and copper sulphates if the current density 
is very small, whereas a mixture of copper and zinc is deposited 
upon the cathode if the current density is excessive.* 

4. Faraday's lawsf of electrolyBis. First law. — The amount 
of a given metal which is deposited electrolytically is propor- 
tional to the strength J of the current and to the time, that is, 

M=klt (i) 

in which M is the amount of metal in grams deposited in t 
seconds by a current of / amperes, and ^ is a constant for a 
given metal. This constant k is c!^<&Ai}a!t electrochemical equiva- 
lent oiiht. given metal. Electrochemical equivalents are ordinarily 
specified in grams of metal deposited per ampere of current per 
second. 

Second law. — The electrochemical equivalents of elements 
which can form the ions of an electrolyte, are proportional to the 
quotients of their atomic weights divided by their valencies. A 
metal which has two valencies has two values for its electrochem- 
ical equivalent. Thus one and one half times as much iron is 

* The depo^tion of one metal instead of several from solutions of mixed salts 
depends more distinct!]' upoD the electromotiTe- force drop between the electrode and 
the solutioD (electrode polariiation) than upon current densit}'. See Art, 32. 

-fThe laws of physics are the fxperimtntal fads upon which the science is based. 
Thus Faraday's laws of electrolysis are the result of experiment, pure and simple ; 
Boyle's and Gay Lussac's Laws couijerning the expansion of gases are experimental facts; 
Newton's Lams of Motion are experimental facts ; Newton's Law of Gravitation is an 
experimental fact ; and so on. In nearlji every case the so-called laws of physics are 
only approximately true. Thus, the product of the volume and pressure of a given 
amount of gas at constant temperature is not strictly constant (Boyle's Law) ; the 
amount of metal deposiled by an electric current deviates in many cases frcsn an exact 
proportional relationship with the carrent (see Practical Physics, Franklin, Craw- 
ford and MacNull, Vol. II, page 136). 

X In Faraday's experiments, which led lo the formalation of this general law, the 
electric carrent was measured by a galvanometer, that is, the electric current wa* 
measured in terms of its magnetic eflect. 



D,t„db, Google 



lO ELEMENTS OF ELECTRICITY AND MAGNETISM. 

deposited from a solution of a ferrous salt as from a solution of a 
ferric salt, provided that the deposition is not complicated by 
secondary reactions which cause the deposit to be redissolved 
chemically. 

5. The dissociation theory of electrolysiB. — The molecules of 
an electrolytic salt or add when in solution, or when melted, are 
thought to be more or less dissociated into what are called ions. 
For example, the molecules of copper sulphate (CuSOJ in a 
dilute aqueous solution are all dissociated into Cu (cathions) and 
SOj (anions) ; the molecules of sodium chloride (NaCl) in a 
dilute aqueous solution are all dissociated into Na (cathions) 
and CI (anions). These ions are supposed to be electrically 
chained* and to wander about through the solution. When an 
electric current flows through the electrolyte, the positively 
charged ions (cathions) move towards the cathode where they 
part with their positive charges and are deposited as hydrogen 
or metal, as the case may be, and the negatively charged ions 
(anions) move towards the anode where they part with their 
negative charges. This movement of positively and negatively 
charged ions constitutes the electric current in the electrolyte. 

Conception of Faraday' s first law. — Ail of the ions of a given 
substance have the same electric chaise so that the strength of 
the current is proportional to the number of ions deposited per 
second on one of the electrodes. 

Conception of Faraday's second law. — All monovalent ions 
carry the same amount of chaise, the charge on a monovalent 
cathion being positive and the charge on a monovalent anion 
being negative. For example, the cathions in the following 
series of chlorides are all monovalent, hydrochloric acid (HCI), 
potassium chloride (KCl), sodium chloride (NaCl), and cuprous 
chloride (CuCl), and the same number of atoms of H, K, Na, and 
Cu are deposited from solutions of these chlorides in a given 
time by a given current, so that the electrochemical equivalents 



* S«e Art 85 for definition of electric charge. 
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THE ELECTRIC CURRENT. II 

of these monovalent metals are directly proportional to their 
atomic weights. 

The chaise on an ion is proportional to its valency. Thus, the 
copper ion in a solution of cupric chloride (CuCy has twice as 
much charge as the copper ion in a solution of cuprous chloride 
(CuO), so that half as many cupric ions as cuprous ions are de- 
posited by a given current in a given time. In general, if « is 
the number of monovalent ions deposited in one second by one 
ampere, then nJ2 is the number of bivalent ions deposited in 
the same time by the same current, w/3 is the number of trivalent 
tons deposited in the same time by the same current, and so on. 

Consider a series of chlorides of metals of different valencies, 
for example, sodium chloride (NaCl), cupric chloride (CuCIJ, 
ferric chloride (FeClj), and stannic chloride (SnCl^). Reduc- 
ing these all to a given amount, say « atoms, of chlorine, we 
would have « atoms of sodium (Na), nJ2 atoms of copper 
(Cu), nji atoms of iron (Fe), and «/4 atoms of tin (Sn); so 
that, during the liberation of n atoms of chlorine, we would 
have a deposit of « atoms of sodium (Na), nJ2 atoms of 
copper (Cu), nji atoms of iron (Fe), and M/4 atoms of tin 
(Sn), Therefore, the weights of these various metallic deposits 
would be proportional to their atomic weights divided by their 
respective valencies. 

Let us represent each unit of charge by a plus or minus sign. 
Then the single, double, triple and quadruple charges on the ions 
of sodium, copper, iron and tin may be represented as follows : 
Na , Cu% Fet and Sn|, and the single and double charges upon 
the monovalent and bivalent anions of chlorine and SOj may be 
represented as follows : — CI and — S0^. The present hypothe- 
sis concerning chemical affinity is that it is due to the attraction 
ot the opposite charges on the two constituents of the molecule. 
Thus, sodium and chlorine are held together in the molecule of 
sodium chloride by the attraction of the positive charge on the 
sodium for the negative charge on the chlorine, as may be repre- 
sented thus : Na -f — CI 



Dicized by Google 



12 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

One of the greatest difficulties in the dissociation theoty of 
electrolysis is to account for the breaking up of such a molecule 
as sodium chloride, which is ordinarily very stable, into its ions. 
The strength of the dissociation theory, however, lies in the 
extent to which it correlates a wide range of experimental feet, 
and in this respect the dissociation theory is incomparably more 
useful than any other theory that has been hitherto proposed,* 

6. The voltaic cell. — The chemical action that is caused by 
the flow of current through an electrolytic cell is usually forced, 
that is, work has to be done to bring the chemical action about 
or, in other words, an electric generator such as a dynamo or a 
battery must be used to push the current through the electrolytic 
cell When, however, secondary chemical actions take place at 
one or both electrodes, it frequently happens that the total chem- 
ical action that is brought about by the flow of current through 
an electrolytic cell is a source of energy. In such a case the 
electrolytic cell itself can maintain its own current through the 
electrolyte from electrode to electrode and through an outside 
circuit of wire which connects the electrodes. Such an electro- 
lytic cell is called a voltaic cell. 

Example. — When a strip of clean zinc and a strip of copper or 
carbon are dipped into dilute sulphuric acid, no appreciable chem- 
ical action takes place. When the plates are connected together 
by a wire, a current immediately starts to flow through the circuit, 
leaving the cell at the copper or carbon electrode (the cathode) and 

* Sereral simple appIicatioDS of the disaoctaCion theory b> Che mterpcetatioD of ex- 
perimental resulU are given in Praelical Physics, Franklin, Crawford and Mac- 
NuCt, Vol. II, page loS, page I44 and pages I46 and 147. A splendid example of 
the application of the dissociation theory to the rationalization of a very complicated 
eiperimental result is giren by E. C. Franklin and H. D. Gibbs in the/*™a/o/ 
the Amtrican Chentical Society, Vol. 19, pages 1389-1396, October, I907. 

Any stadent who wishes to become acqosinted with the &cts of electrolysis must 
ramiliarize himself vilh Che details of the dissodation theoty, and, since no other 
theory has erer been proposed which is to be compared in effectiveness with the dis- 
sociation theory, the student's efforts should be directed lirsC of all Co a thorough 
understanding of the theory. Alter he has mastered the theory its imperfecCions may 
properly be pointed out 
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entering the cell at the zinc electrode (the anode). This current 
decomposes the sulphuric acid (HjSOJ, the hydri^cn is Hber- 
ated at the copper or carbon cathode and escapes from the cell 
as a gas, and the sulphuric add radical (SO^), which is set free 
at the zinc anode, combines with the zinc and forms zinc sulphate 
(ZnSOj) which goes into solution. The combination of Zn and 
S0( develops more energy than is required for the decomposi- 
tion of the H^O, so that the chemical action as a whole is a 
source of energy. 

The available energy of the reaction above described may be 
greatly increased by providing an oxidizing agent in the neighbor- 
hood of the cathode so that the hydrogen may be oxidized and 
form water (HjO) at the moment of its liberation by the current. 
The eneigy of this oxidation is then added to the available energy 
of the total chemical action in the cell.* 

7. Examples of voltaic cells. The ordinary " dry cell." — One 
of the most familiar types of voltaic cell is the cell in which 
a plate of zinc and a plate of carbon are immersed in a solution 
of ammonium chloride f NH,C1) with a mass of powdered black 
oxide of manganese (MnOJ packed around the carbon electrode. 
When this cell delivers current, the NH,C1 is decomposed, and 
chlorine is liberated at the zinc plate where it combines with the 
zinc to form zinc chloride. As the NH, ions are liberated at 
the carbon electrode they break up into ammonia and hydrogen 
(NHj = NHj + H), the ammonia goes into solution and the 
hydrogen is oxidized at the expense of the oxygen in the black 
oxide of manganese, forming water. • The free ammonia in this 
type of cell may be detected by the odor after the cell has been 
delivering current for some time. 

This type of cell is exemplified by a great variety of commer- 
cial forms of which the ordinary " dty cell " is the most familiar. 
In this cell the electrolyte is soaked up in a porous material such 

*Thr student is lefeired to Professor H. S. Carhart's Primary BalltrUs, pab- 
liihed \>j Allj'n & Bacon, Boston, Mass., for full information on primar; batteries 
(voltaic cells] and primary battery testa. 
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as saw-dust, the containing vessel is made of zinc and serves as 
the zinc electrode, and the cell is hermetically sealed so as to pre- 
vent evaporation. 

The ordinary gravity cell, which is shown in Fig. 6, consists 
of a copper electrode in the bottom of a jar surrounded by a solu- 
tion of copper sulphate, and a zinc electrode in the top of the jar 
surrounded by a solution of zinc sulphate. The light zinc sul- 
phate solution floats on the heavy copper sulphate solution. 
When this cell delivers current, SO^ is liberated at the zinc 
electrode where it combines with the zinc forming additional zinc 



sulphate, and metallic copper is deposited upon the copper elec- 
trode at the bottom of the cell. When this cell is in use, the 
copper sulphate must be replenished occasionally by dropping 
fresh crystals of the salt into the cell, and a portion of the zinc 
sulphate solution must be occasionally drawn off and replaced by 
water. 

The chromic acid cell consists of a plate of amalgamated zinc 
and a plate of carbon dipping into a solution of a mixture of 
chromic acid (HjCr^Oj) and sulphuric acid (HjSO,), When 
this cell delivers current, the flow of the current through the cell 
decomposes the H^O,. The add radical SO, is liberated at 
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the zinc electrode where it combines with the zinc foiming zinc sul- 
phate, and the hydrogen is liberated at the carbon electrode where 
it is oxidized at the expense of the oxygen in the chromic add. 

In the chromic acid cell, the zinc wastes away rapidly even 
when the cell is not delivering current, and it is therefore desirable 
to lift the zinc out of the solution when the cell is not in use. 
Figure 7 shows a chromic acid cell arranged so that the zinc 
electrode may be conveniently lifted out of the solution. In this 
figure the cell is shown with a zinc electrode placed between 
two carbon plates. The two carbon plates are connected together 
and constitute one electrode. 

The Edison-LaLaTide cell consists of a zinc plate and a compact 
block of copper oxide (CuO) immersed in a strong solution of 
caustic potash (KOH). The cell shown in Fig. 8 has two zinc 



plates on opposite sides of the copper oxide plate. These 
two zinc plates are connected together and constitute a single 
electrode. When this cell delivers current, the KOH is decom- 
posed, potassium ions are liberated at the copper oxide plate, the 
copper oxide is reduced to metallic copper, and the potassium is 
oxidized and goes into solution as KOH. At the same time 
hydroxyl ions (OH) are liberated at the zinc electrode where 
they break up into free oxygen and water (2OH = O + H^O), 
the free oxygen combines with the zinc forming zinc oxide, and 
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this zinc oxide combines with the caustic potash in the solution 
forming potassium zincate (KjZnO^, 

7i6/ Clark standard cell is arranged as shown in Fig, g. One 
electrode is pure mercury and the other electrode is pure zinc. 
When this cell delivers current, the ZnSO^ in solution is decom- 
posed, SO^ is liberated at the surface of the zinc where it com- 
bines with the zinc forming ZnSOj, and at the same time Zn is 
liberated at the surface of the mercury electrode where it is acted 
upon by the mercurous sulphate Hg,SO, according to the 
equation 

Zn + Hg^O, = Hg, + ZnSOj 

This cell is remarkable for the constancy of its electromotive force 
and it is used as a standard of electromotive force, as explained 
in Chapter X. 

8. Voltaic action anil local action. — Two kinds of chemical 
action are to be distinguished in a voltaic cell, namely, (a) the 
chemical action which depends upon the flow of current and does 
no*: exist when there is no current and {b) the chemical action 
which is independent of the flow of current and which takes 
place whether the current is flowing or not 

The chemical action which depends on the current is propor- 
tional to the current, it is essential to the operation of the voltaic 
cell as a generator of current, its energy is available for the mainte- 
nance of the current, and it is called voltaic action. 

The chemical action in a voltaic cell which is independent of 
the flow of current does not help in any way to maintain the cur- 
rent, it represents absolute waste of materials, and it is called local 
action. I^cal action takes place more or less in every type of 
voltaic cell and it is especially marked in the chromic acid cell 
above described. It may be reduced to a minimum in a given 
type of voltaic cell by coadng the zinc with a thin layer of metallic 
mercury (amalgamation). 

The term, loail action, origiiwted in the rollowing cooMderstions ; When ■ itrip of 
clean doc is immersed in salpburic acid, no perceptible chemical action takes piac«. 
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If the line is connected to ac>rbim or copper electrode, however, or if ■ piece of car. 
boD or copper touches the zioc plate in the solution, chemical action begins at ODce, 
current flows through the electrolyte from the zinc to carbon or copper and back 
through the metnllic conaectioD to the linc, the sulphuric acid is decomposed, hydro- 
gen is liberated at the carbon or copper electrode, and SO, is liberated at the zinc 
electrode where it combines with the zinc forming zinc sulphate. Wheo a plate of 
impure zinc is immersed in dilute sulphuric acid, the insoluble impurities are left id 
the Ibrm of fine particles clinging to the surface of the zinc after the zinc is partly dis- ' 
aolred, and these &ne particles play the part of carbon or copper cathodes, cmrent flows 
through the acid from the zinc to each particle and back to the zinc throogh the point 
of attachment of the particle with the zinc plate, aa iodicated in Fig. loa, the acid a 
decomposed, hydrogen is liberated at the surface of each par- 
tide, and SO, is liberated at the surface of the zinc plate 
where it combines with the zinc forming udc sulphate. The 

rapid dissolving of impure zinc in sulphuric acid is no — : lUu 

doubt due to the flow of electric currents through the mio- $^ ^ 

ule " local circuits " as here described, and this rapid dis- ' 

solving of impure zinc is therefore called local action. ^ 

The covering of the zinc plate tvith a thin layer of me- lOeU 

tallic mercury tends to produce a clean metallic surface 
which is free from adhering particles of the impurity which 
is left as the zinc wastes away, and the above descril>ed ac- p[„ jq,^ 

tton does not talte place. It is probable that in some cases 

chemical action (local action) takes place irrespective of the flow of electric currents 
in local circuits as above described. This seems to be the case, for example, in the 
chromic acid cell, for, as a matter of fact, more than three fourths of the zinc in sncb 
a cell is consumed independently of voltaic action, even when the zioc is thoroughly 
amalgamated so as to present a clean bright sur^e, but in the chromic acid cell the 
local action is very much less when the zinc is amalgamated than it is when the zinc 
is not amalgHmated. 

An essential feature of voltaic action is that it is reversed if a 
current is forced backwards through a voltaic cell by an outside 
agent, provided that no material that has played a part in the 
previous voltaic action has been allowed to escape from the 
cell. Thus in the operation of the simple voltaic cell consisting 
of a zinc anode and a carbon cathode in dilute sulphuric add, the 
H^O, is decomposed, ZnSO^is formed at the anode, and hydro- 
gen is liberated at the cathode. If the current is reversed so that 
the carbon plate becomes the anode, and the zinc plate the 
cathode, then the ZnSO^, previously formed, will be decomposed, 
metallic zinc will be deposited upon the zinc cathode, and SO^ 
will be liberated at the carbon anode where it will combine with 
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the trace of hydrogen that is clinging to the carbon plate and 
form HjSO^. In this cell, however, the greater part of the 
liberated hydrogen has, of course, escaped, and the reversed 
chemical action due to a reversed current cannot long continue. 
Local action, on the other hand, being independent of current, is 
not affected by a reversal of the current. 

9. The storage cell.* — A voltaic cell which is free from local 
action and in which all of the materials which take part in the 
voltaic action are conserved in the cell, may be regenerated after 
use by sending through it a reversed current. This regeneration 
is due to the reversed chemical action that is produced by the 
reversed current as explained in the previous article. A voltaic 
cell that is adapted to be thus regenerated, that is, a voltaic eel) 
in which there is no local action and in which all of the materials 
which take part in the voltaic action are conserved in the cell, is 
called a storage cell. The process of regeneration is called 
charging, and the use of the cell as an electric generator is called 
discharging. A storage cell always requires more energy to 
charge it than is delivered by the cell during the discharge. 

The lead storage cell. — The voltaic cell which, up to the 
present time, has been found to be most satisfectory when used 
as a storage cell, is a voltaic cell having a cathode of lead peroxide 
(PbOj), an anode of spongy metallic lead, and an electrolyte of 
dilute sulphuric acid. The lead peroxide and the spongy metallic 
lead are both converted into insoluble lead sulphate (PbSOJ 
when the cell is discharged. When this cell is charged, the 
lead sulphate is converted back into lead peroxide and spongy 
lead respectively. The lead peroxide and the spongy lead are 

•The description here given of the action of the lead storage cell is a simple 
worldiig theory of the cell. The actions as described do, no doubt, take place, but 
they are complicated by more complei actions such as the formation of pcrsulphates 
■t the anode and of subsulphates at the cathode. See Tkt Theory of tkt Ltad 
Aecumulator, by Friedrich Dolezalek (English translation by C L. ton Ende, 
published by John Wiley & Sons). A good engineering treatise on the storage 
battery is Storage Battiry Bnginetring by Lamar Lyndon (McGraw Publishing 
Compaoy). 
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called the active materials of the cell. These active materials 
are mechanically weak and porous and they are usually supported 
in the interstices of massive grids of metallic lead. These lead 
grids serve not only as mechanical supports 
for the active material, but they serve also 
to deliver current to or receive current from 
the active materials which constitute the real 
electrodes. 

Figure 10* shows a commercial fonn of 1 
lead storage cell. The electrodes consist of 
fine grids of metalhc lead in the interstices 
of which the active material is placed. The 
positive electrode (out of which the current 
comes during discharge) consists of three '' 

grids connected together, and the negative electrode consists of 
four grids connected together. 

Action 0/ thi ciU vjhUe discharging. — When the lead storage cell delivers cur- 
rent, the electrolyte H,50, is spHt up by the current into II, and SO,. The 
bjdrc^en is liberated at the cathode, where it reduces the lead peroxide to FbO, and 
this PbO combines with a portion of the H,SOj of the electrolyte forming PbSO, 
and water. The SO, which is liberated at the anode combines with the spongy 
lead and forms PbSO,. During this process the active material expands, because the 
lead sulphate is more bulky than the spongy lead and the lead peroxide ; and the 
electrolyte grows less concentrated (and of course increases in resistance) because of 
th« absorption of SO, by the active material. This decrease of concentration i* 
etpeciatly great in the pores of the active material when the cell is discharged 

Action ofihi citl-uihiti being charged. — When the lead storage cell is regenerated 
by farcing a reversed cnrrent through it, the above -described action is reversed. The 
lead sulphate on one electrode is converted back to lead peroxide, the lead sulphate 
on the other electrode is reduced to spongy metallic lead, the electrolyte grows more 
dense (especially in the pores of the active material), and the active material 

The following tabular arrangement gives a clear idea of the action of the lead stor- 
age cell while discharging and while being charged : 

DlSCHAKGING. 

Positive grid. PbO, +H,SO,+ H, =aH,0 +PbSO, 

I UirRztian of curTFDI ifarangb ibc cell 

Negative grid. Pb + S0,= PbSO, 
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Chakgihg. 
Powtivepid" PbSO, + aH,0 +80.=aH^4 + PbO, 

i DlTcctlaa of ciumu llmiril tti 
I (poaltin u B^alln (rid). 
Negative grid.* PbSOj + H, = H^, + Pb 



10. OpeD-drcult cells and dosed-ciraiit cella. — A voltaic cell 
in which the local action is very slight does not deteriorate 
appreciably when it is not called upon to deliver current Such 
a cell may be left standing on open circuit in readiness for use at 
any moment to supply current for any purpose such as to ring an 
electric bell. All that is necessary is to provide a device for 
closing the circuit when it is desired to obtain current from the 
cell, and then the circuit should be opened in order to avoid 
deterioration of the cell by the continued flow of current. A 
voltaic cell which is adapted to this kind of use is called an open- 
circuit cell and perhaps the best form of open-circuit cell is the 
ordinary dry cell. 

When an ordinary dry cell is called upon to give a steady cur- 
rent the electromotive force f falls off rapidly on account of what 
is called polarization, and the current decreases accordingly. A 
voltaic cell which is capable of delivering a fairly large steady 
current is called a closed-circuit cell. The gravity cell is one of 
the best types of closed-circuit cell. The chromic acid cell is also 
frequently used for delivering current more or less steadily. The 
Edison -LaLande cell is a fairly good open-circuit cell and it is 
satisfactory also for closed -circuit work. 

Problems. 
1. The anode of an electrolytic cell consists of a copper rod 
3 centimeters in diameter, and the cathode consists of a hollow 

*It is Ihe usual practice among electrical engineers to call that terminal of an 
electric generator out of which cunent Bows, the positive tetmina!, and that terminal 
into which current flows, the negative terminal. In conformit]r with this usage, that 
electrode of a storage cell which is cathode during discharge is called the positive grid 
and the other the negative grid. The positive grids are of a pale salmon color and 
the negative grids are a neatral gray. 

t See Art. 32. 
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copper cylinder of which the inside diameter is 12 centimeters. 
15 centimeters of length of anode and cathode are submerged in 
the electrolyte, and a current of 25 amperes is passed through 
the cell, (a) Find the current density at the cathode, and (i) 
find the current density at the anode. Ans. {a) 0.044 ampere 
per square centimeter ; (6) 0.177 ampere per square centimeter. 

2. An electric current is sent through an ammeter and through 
a silver coulombmetcr. The current gives a steady reading of 
1.06S amperes on the ammeter, and the amount of silver depos- 
ited in 1 hour and 20 minutes is found by weighing to be 5.635 
grams. Find the error of the ammeter reading. Ans. o.oi8 
ampere too high. 

Mrie. — The silver conlombmeter is maall; arranged uibownfn Fig. 11. Tbe 
vlver nitrate solntioa ii contaioed Id a clean platiDotn bowl which ttm* ai the cathode 
on tbe interior of which the silver li 
deposited, and the aoode consists of a 
pUt» of pare silver surrounded hj a 
covering of filter paper to prevent de- 
tached particles from falling to the 
bottom of tbe platioum bowl. 

3. Calculate the electro- 
chemical equivalents of the 
following ; (a) Cuprous cop- 
per ; {d) cupric copper ; (1:) zinc ; (d) hydrogen ; (/) aluminum ; 
and (/■) ferric iron. The valencies of the respective metals may 
be inferred from the following formulas of their chlorides : (a) 
CuCl; (*)CuCl,; (c) ZnCl,; (.^)HCI; (?) AICl,; (/) FeCl, 
Ans. (a) 0.0006587 gram per ampere per second ; (^) 0.0003293 
grram per ampere per second ; {c) 0.000339 gf^™ P^*' ampere per 
second; (d) 0.00001046 gram per ampere per second; (e\ 
0.0000936 gram per ampere per second; (/") O.OOO1929 gram 
per ampere per second. 

i. A current which gives a steady reading of 10 amperes on 
an ammeter is found to deposit 8.24 grams of copper in 40 min- 
utes from a solution of CuSOj. What is the error of the ammeter 
reading? Ans. 0.42 ampere too low. 
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6. Find the time required for lo amperes of current to gener- 
ate 2 cubic feet of hydrogen and i cubic foot of oxygen, 
both gases being measured at 730 millimeter pressure and at a 
temperature of 20° C. ; 22 millimeters of the pressure in each 
case being due to the water vapor which is present Ans, 11.8 
hours. 

Nott. — The amoont of hydrogen or oxygen generated io one lecood by one 
ampere may be found from the electrochemicai njuivslent of silver and the alomic 
weighti of hydri^n, oxygen and silver, or the data given in the oote to problem 6 
may be used. 

8. A current which produces a steady reading of s amperes on 
an ammeter generates 186.6 cubic centimeters of a mixture of 
oxygen and hydrogen in 3 minutes, the mixed gases being meas- 
ured at a net pressure of 710 millimeters and at a temperature of 
25° C, Find the error of the ammeter reading. Ans. 0.1 
ampere too low. 

Noil. — By net pressure in (his problem is meant the pressure due to the gas alone 
after corrcctioo has been made for the part of the pressure which is due to the water 
vapor that is present. 

The water coalombmetei is frequently used for quickly standardizing an ammeter, 
and it b convenient to note (hat one ampere in one second generates o. 174 cuIhc centi- 
meter of mixed hydrogen and oxygen, the gases being measured dry, at 760 milli- 
meters pressure, and at a temperature of o" C. 

7. A voltaic cell which is free from local action gives a current 
of 1.5 amperes for 50 hours. Calculate the number of grams of 
zinc consumed. Ans. 91.5 grams. 

Nofe. — The zinc consumed in a voltaic cell by voltaic action is equal to the amount 
of zinc that would be deposited in an electrolytic cell by the current which the cell 
delivers. 

8. A single chromic add cell consumes 12$ grams of zinc 
during the time that the current from the cell is depositing 25 
grams of copper from a solution of cupric sulphate (CuSOJ. 
What portion of the zinc is consumed by local action ? Ans. 
79.4 per cent. 

9. A gravity cell is used to give a steady current of o. I ampere 
continuously, night and day, for 30 days. During this time 
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1668.6 grams of copper sulphate crystals are used. Find : (a) 
The amount of copper sulphate crystals which is consumed by 
voltaic action, and (6) the amount of copper sulphate crystals 
which is consumed by local action. Ajis. (a) 504.6 grams use- 
fully consumed in voltaic action and (d) 1,164 grams wasted in 
local action. 

JVaie. — Copper sulpbate crystals conuio 1 3 molecules of water Ot cryitallizatioii, 
that is to say, the ronnula for copper sulphate crystals is CuSO^ -|- I2H,0 SO that 
375.9 grams of copper sulphate crjslals cootain 63.6 jframs of copper. 

10. An ordinary dry cell was connected to a circuit, the cur- 
rent at the start was 5,00 amperes, and the current was observed 
at intervals of 10 minutes, giving the following values in amperes 
in order: 4.20, 3.92, 3.70, 3.55, 3.40, 3.28, 3.16, 3.02, 2.90, 
2.81, 2.72, 2.60, 2.54, 2.48, 2.43, 2.37, 2.30, 2.24,2.16. Plota 
curve of which the abscissas represent elapsed times and of which 
the ordinates represent the decreasing values of the current deliv- 
ered by this cell. 

11. A lead storage cell delivers to amperes for 8 honn. Find the increue of 
weight of each electrode. Ads. The positive electrode or grid gains 95.5 grams, and 
the negative grid gains 143.3 gi'sois. 

12. The storage cell specified in problem I ■ ccxitains 4>ooo cubic centimetert of 
dilute sulphuric acid of which the density at iS" C. is 1. 1700 grams per cubic cenli. 
neter when the cell is fully charged. Find (he density of the electrolyte after the 
cell has delivered 10 unperes for 8 hours. Ads. 1. 1286 grams per cubic a 



Data Required in the Above Problems. 
Atomic Weights. 

Silver '07.93 Sodium '3'OS 

Alnminmn 37.1 Oxj^en 16.00 

Copper. 63.6 Lead 306.91 

Iron. 55.88 Sulphur 33.06 

Hydn^en. I.oi Zinc 65.40 

Deiuity of dry hydrogen at 0° C. and 760 mm. pressure, 0.0000896 gram percnbic 
entimeter. 
Denuty of dry oxygen at 0° C. and 76a mm. pressure, 0.0014Z9 gram per cubic 
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DiKsrry or DiLim SuLmDuc Acid in Gkams kk Cubic Cemtimbtbr 

AT i8« C. 

o pa ceot. H^, 0-99M 

lo per ««nt H,SO, 1-0673 

30 per cent HjSO^ i-i4>4 

30 per cent H^, 1. 321 

Fee cent of H^, in tbi* table meani the namber of gnna of H^, in loa 

graim of the solnlioii. 

The electiDchcQucal equiTkloit of sjlver is o«oiii8 gnun per ampere pei second. 
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CHAPTER 11. 
resistance and electromotive force. 

Heating Effect of the Electric Current. 

11. Electrical realBtance. — When a pump forces water through 
a circuit of pipe, a part of the work expended in driving the pump 
reappears as heat in the various parts of the circuit of pipe because 
of the resistance which the pipe offers to the flow of water. 
Similarly, when an electric generator produces an electric cur- 
rent in a circuit, a part of the work expended in driving the 
generator reappears as heat in the various parts of the circuit 
The current seems to be opposed by a kind of resistance * more 
or less analogous to the resistance which a pipe offers to the 
flow of water, and a portion of an electrical circuit is said to have 
more or less electrical resistance according as more or less heat is 
generated in it by a given current. 

12. The heatli^ effect of the electric cnirent. Joule'a law. — 
The amount of heat which is generated in a given wire is propor- 
tional to the square of the current that is flowing in the wire and 
to the time that the current continues to flow, that is, 

H~ RPt (2) 

in which H is the amount of heat generated in a wire in t sec- 
onds by a current of / amperes, and J? is a constant for a 
given wire. The value of this factor R ts used as a numerical 
measure of the electrical resistance of the wire. 

Practical applications of the heating effect. — The heating eflect 
of the electric current is utilized in the various forms of electric 
lamps in which a filament of carbon or refractory metal is heated 
to brilliant incandescence by the electric current The heating 

* An exact medumiol aoilogue of electrical resiitance ii given ia Art. 6st. 
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efiect of the electric current is also utilized in a variety of electric 
furnaces,* 

DefiniHoK </ the ohm. — If H in equation (2) is expressed in 
joules,t / in amperes, and t in seconds, then R is expressed 
in terms of a unit which is called the ohm, that is, a wire has one 
ohm of resistance when one joule of heat is generated in it in 
one second by one ampere oi current The meaning of the 
factor R in equation (2) may be made clear by solving this 
equation for R, which gives R =■ H{!*t. According to this 
equation, the resistance of a wire in ohms is equal to the joules 
of heat generated in it per ampere squared per second, or in 
other words, an ohm is one joule-per-ampere-squared-per-second. 
The abohm is defined in Art 52. 

The international standard ohm. — The resistance of a wire or 
other portion of an electrical circuit can be measured with great 
ease in terms of a known resistance, whereas a fundamental 
measurement of resistance requires elaborate arrangements, and it 
is very tedious if a moderate degree of accuracy is desired. 
Therefore, for practical purposes, the ohm has been legally 
defined J as the resistance at the temperature of melting ice of a 
column of pure mercury 106,3 centimeters long, of uniform cross- 
sectional area, and weighing 14.4521 grams. 

Measurement of resistance. — A direct method for measuring 
the resistance of a wire is to send a known current / through the 
wire for a known length of time / and to determine the amount 
of heat generated in the wire by means of a water calorimeter. 
This direct method for measuring the resbtance of a wire in 

* See Calciiini Carbide Maniiracture >t NUgua, Ekctroekemical Industry, Vol. 
I, page 33, and Carbomnduia Manulacture at Niagara, Eicclrochemical Industry, 
Vol. I, page 50. See report of Canadiao ConunisiioD OD Electrothermic Processes 
for tbe Smelting of Itod and Steel, by Eugene Haaoel, 

t Ordinaril; beat a expressed in teims of tbe calorie bat it is desirable in the 
present instance to eipress heat in joules, one joule of heat being an unoont of heat 
which is equivalent to one joole of work. One calorie is equal to 4.1 joules. One 
joule of work is tbe amount of work done in one second by an agent which does work 
at tbe rate of one watt One watt is equal to 1/746 of a horse-power. 

X In accmdance witb the recommendatiom of the Intematjonal Electrical Congress 
which met at Chicago in 1S93. 
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ohms is never used because it is tedious and inaccurate. Practi- 
cal methods for measuring resistance are described in Chapter X. 

13. Power required to maintain a current in a drcult, expressed 
in terms of resistance and current. — When all of the enei^ 
which is delivered to an electrical circuit by a generator reappears 
in the circuit as heat, then the rate at which work is delivered to 
the circuit by the generator is equal to the rate at which energy 
reappears in the circuit as heat. Equation (2) expresses the 
amount of heat in joules which appears in a circuit of wire in t 
seconds ; dividing this amount of heat by the time /, gives the 
rate at which heat appears in the circuit in joules per second 
(watts), and this is equal to RP. Therefore the power P, in 
watts, required to maintain a current of / amperes in a circuit 
of which the resistance is R ohms, is 

P^RI' (3) 

14. Dependence of resistance upon length and size of a wire. — 
The resistance Rofz. wire of given material is directly propor- 
tional to the length / of the wire and inversely proportional to 
the sectional area s of the wire ; that is, 

R~i'- (4) 

in which ^ is a constant for a given material ; it is called the 
resistivity • of the material. The exact meaning of the factor k 
may be made apparent by considering a wire of unit length 
(/= l) and unit sectional area {s = i). In this case k is 
numerically equal to R, that is to say, the resistivity of a 
material is numerically equal to the resistance of a wire of that 
material of unit length and unit sectional area. Electrical engi- 
neers nearly always express lengths of wires in feet and sectional 
areas in circular mils-f If equation (4) is to be used to calculate 

* Sometimes called sptHJic renslanct. The redpiocal of the resistivity of a sub- 
ttince is called its eonductivity. 

f One mil is a tliousandth of bd iacb. Odc drcular mit is the area of a circle of 
which the diameter is one mil. The area of aoy circle in drculai mils 19 equal to the 
■qosTc of the diameter of the ciccle in mils. 
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the resistance of a wire in ohms when the length of the wire is 
expressed in feet and the sectional area in circular mils, then the 
value of i must be the resistance of a wire of the given material 
one foot long and one circular mil in sectional area ; for example, 
the resistance of a copper wire one foot long and one circular mil 
in sectional area is about 10.4 ohms at 20° C. 



TABLE. — Resistivities and Tehpekature Coefficiei 



Alnmianm wire (aane^ed) at 30° C. 

Copper wire (umealed) at 30° C 

Iron wire (pure aimealed) at so" C... 

Steel telegraph wire at 30" C 

Steel rails at 20' C 



Platinum wire at o' C. 

GennBD-iilver wire at zo° C 

Maagaain wire (Cu 84, Ni tl, Mn 4) at 20° C... 
" la la" metal wire, hard (copper-nickel allof ) 



"Climax" or "Superior" metal (nidtel-steel 

alloy) at 20' C , 

Arc- lamp carbon at ordinary room lemperatui 
Sulphuric acid, 5 per cent, solution at 18° C. 

Ordinarf glass at 0° C. (density a. 54) 

Ordinary glass *t 60° C 

Ordinary gla» at aoo" C 



800 X'o" 

0.005 

4.8 obms 
10'' ohmsj 
10" obms| 
to^ohmst 



ibDis of a bar 
tional area. 

i^ re^slance in ohms of a wire 

r = temperature coefficient of 
tween o" C. and 100° C). 

•See temperature. resistance cui 

t Between l8<* C. and 19° C. 

{These values differ greatly with different 



long and I square centimeter sec- 



foot long and o.ooi inch in diameter. 

per degree centigrade (mean value be- 



', Fig- IS- 






15. Resistivities of alloys. — The ordinates of the three curves 
in Fig. 12 represent the resistivities at a given temperature of 
alloys of zinc and tin, of silver and gold, and of silver and plati- 
num, respectively, and the absdssas represent the percentages of 
the constituent metals. The zinc-tin line, marked Zn + Sn, is 
sensibly straight ; that is, the change of resistance from pure zinc 
to pure tin is proportional to the percentage of tin in the alloy. 
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The silver-platinum line marked Ag + Pt, and the silver-gold 
line, marked Ag + Au, are not straight In particular, it is to 
be noticed that a very small percentage of platinum added to pure 
silver increases the resistance of the metal very greatly indeed. 
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In respect to electrical resistance, the alloys of tin, lead, cad- 
mium and zinc are similar to the alloys of zinc and tin, that is to 
say, the resistivity varies in proportion to the percentage of one 
of the metals in the alloy. Alloys of most other metals are more 
or less similar to the alloys of silver and gold and of silver and 
platinum, and, in general, the addition of a very small percentage 
of one metal to another increases the resistivity greatly. The 
exact opposite to this is true of many non-metallic substances, a 
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pure substance has a very high resistance and the admixture of a 
very small quantity of another substance reduces its resistance 
very greatly indeed. Thus a beaker of freshly distilled water (free 
from air) in which are placed two clean platinum electrodes has a 
resistance of, say, 25,000 ohms and the addition of one one-thou- 
sandth of one per cent, of sulphuric acid reduces the resistance to 
a few hundreds of ohms. 

16. The rheostat. — An arrangement for inserting more or less 
resistance into an electrical circuit at will is called a rheostat. 
Figure 1 3 shows the usual arrangement of a rheostat A number 
of resistances rrrr are connected to terminal blocks of metal bbbbb 
and a contact finger / of metal, broad enough to bridge over the 
space between the adjacent blocks bb, is arranged so that it can 




Rt. 13. 



be moved sidewise, thus connecting any number of resistances r 
in circuit between the terminals A and B of the rheostat The 
resistances rrrr. Fig. 13, are usually made of metal of high 
specific resistance so that the wire may be of moderate length 
and yet large enough to be mechanically strong and to have suf- 
ficient area to radiate the heat which b generated in it by the 
current. One of the most satisfactory of these high resistance 
metals is a nickel-steel alloy which is known in commeree under 
the name of " Climax " metal or " Superior " metal. 

The so-called water rheostat which is frequently used consists 
of two electrodes dipping into a vessel, or tank, containing a weak 
solution of common salt. The current enters at one electrode, 
flows through the salt solution, and leaves it at the other electrode, 
and the resistance can be adjusted by varying the amount of salt 
in solution or by moving the electrodes. 
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17. Variation of resistance with temperaton. — The electrical 
resistance of a wire, or of a liquid colunm which forms a portion 
of an electrical circuit, varies with temperature. Consider, for 
example, (a) an iron wire, (i) a copper wire, (c) a platinum wire, 
(rf) a german-silver wire, {e) a carbon rod, and (/) a column of 
dilute sulphuric add, each of which has a resistance of 100 ohms 
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at 0° C. The values of the resistance of {a), {l>), (c), {d), (/) and 
(/) at other temperatures are shown by the ordinates of the 
curves in Fig. 14. It is evident from Fig. 14 that iron and cop- 
per increase very greatiy in resistance with rise of temperature, 
and that german silver increases slightly, whereas the carbon and 
sulphuric add decrease in resistance with rise of temperature. 
All pure metals increase in resistance with rise of temperature in 
approximately the same ratio, alloys usually increase in resistance 
with rise of temperature but to a much smaller extent than pure 
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metals, and all acids and salt solutions decrease in resistance with 
rise of temperature. 

A rod of a substance like glass or porcelain has, at ordinary 
room temperature, a resistance which is expressed in millions of 
millions of ohms, but the resistance decreases rapidly with rise of 
temperature. Both glass and porcelain become fairly good con- 
ductors at a low red heat This is strikingly shown by the fol- 
lowing experiment : Fine copper wire is wound around the ends 
of a thin-walled glass tube about 20 centimeters long, and these 
copper wires are connected through a fairly high metallic resist- 
ance to the terminals of a i ,ooo-volt transformer. The side of 
the tube is then heated with a blast lamp. At a low red heat a 
sufficient amount of current begins to flow to develop a very con- 
siderable amount of heat, and the glass tube becomes still hotter, 
which permits still more current to flow, which makes the glass 
tube still hotter, and so on, until the glass tube melts down be- 
cause of the heat which is generated in it by the flow of current. 

Alloys which change but little in resistance with change of 
temperature are especially suitable for resistance standards and 
resistance boxes,* Wires of manganinf are now almost uni- 
versally employed for this purpose. Figure 15 J shows the 
change of resistance of a manganin wire with temperature. A 
manganin wire which has a resistance of loo ohms at 15° C. has 
a resistance of 100.01 ohms at 20° C. ; a german-silver wire 
which has a resistance of 100 ohms at 15° C, has about ioo.2 
ohms resistance at 20" C; and a copper wire which has resistance 
of 100 ohms at 15° C, has about 102 ohms resistance at 20° C; 
that is, for the specified rise of temperature the change of resist- 
ance of the manganin wire is only 0.0 1 per cent., the change of 
resistance of the german-silver wire is 0.2 per cent., and the 
change of resistance of the copper wire is 2 per cent, 

•See Chapter X. 

t ManganiD is an alloy of 84 parts by weight of copper, 12 parts by wdght of 
nickel, and 4 parts by weight of manganese. 

( From the results of Dr. Lindeck. See the Prociedings of tht Intematiimal 
Electrical Congrnt, Chicago, 1893, page 165. 
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Temperatttre coefficient of resistance. — The curves a, b and c 
in Fig. 14 are approximately straight lines ; the same is true of the 
temperature-resistance curves of all pure metals and of manjr 
alloys. Therefore, the increase of resistance of a wire from a 
standard temperature, say, 0° C, to any other temperature ^ ' C. 
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is approximately proportional to /, and in every case the increase 
of resistance is exactly proportional * to the resistance of the wire 
at tlie standard temperature. Therefore the increase of resist- 
ance from 0° C. to t° C, may be expressed as ^R^t, where 
R^ is the resistance of the wire at 0° C. and yS is a factor 
which is approximately constant for a given metal. The resistance 
of the wire at t° C. is equal to R^ + ^R^, so that, writing 
R for the resistance of the wire at t° C, we have 



R,~R^{\ +&) 



(5) 



* Tbii is analogoits to the fact thai the increue of length of i, metal bar doe to a 
given riie of temperature ii eiactl; proportioiial to the iDitial length of the bar. Osa- 
(ider for example, a bar lo feet long 'at □" C. When the temperature ia increued, 
each foot of the bar iocreases its length bj a certain fractioDal part of a foot, and the 
entire bar increase* its length by the ume fractional part of iti total initial length. 
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The factor is called the temperature coeffieient of resistance 
of the given metal. It is equal to the increase of resistance of 
the metal for one degree rise in temperature expressed as a frac- 
tional part of the resistance of the metal at o° C. Its value for 
pure metals is approximately 0.0037 per degree centigrade. For 
pure commercial copper wire its value is about 0.004 per degree 
centigrade. 

It is to be remembered that equation (5) is based on the as- 
sumption that the temperature-resistance curve is a straight line. 
If the actual resistances of any wire or substance at 0° C. and 
at t° C, are substituted in equation (j) for R^ and i?,, respec- 
tively, the value of /9 may be calculated. The value of j8 so 
calculated is called the mean temperature coefficient of resistance 
of the given substance for the given range of temperature. 

The value of the temperature coefficient of a substance depends 
upon the choice of the standard temperature in a way that may 
be most easily explained by considering the thermal expansion 
of a gas. A gas at constant pressure undergoes a certain definite 
increment of volume for one degree rise of temperature. Thus, 
a gas at constant pressure undergoes the same increment of volume 
when heated from 10° C. to 11° C, or when heated from 50° C. 
to 51° C, or when heated from 200° C. to 20 [° C. This incre- 
ment of volume per degree rise of temperature is equal to j^j of 
the volume of the gas at 0° C, to j^j of the volume of the gas 
at 1° C, to ^^5 of the volume of the gas at 100° C, and so on, 
and this fraction is the temperature coefficient of expansion of 
the gas. In order to avoid ambiguity, the increment of volume 
of a gas for i ° rise of temperature is always expressed as a frac- 
tional part of the volume of the gas at 0° C, and the coefficient 
of expansion of a gas at constant pressure is therefore equal to 
7Tf (equals 0.00366). Similarly, the temperature coefficient ot 
resistance of a metal should always refer to a definite standard 
temperature, say, 0° C. It is interesting to note that the temper- 
ature coefficient of resistance of most pure metals is very nearly 
the same in value as the temperature coefficient of expansion of a 
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gas at constant pressure. That is to say, the resistance of a wire 
made of pure metal is approximately proportional to the absolute 
temperature. 

Electromotive Force. 
18. Power delivered hy an electric generator Definition of 
electromotive force. — From Faraday's taws of electrolysis it is 
evident that the amount of zinc consumed per second in a voltaic 
cell by voltaic action is proportional to the strength of the cur- 
rent Therefore the available * energy developed per second by 
the chemical action in the cell is proportional to the strength of 
the current, or In other words, the electrical energy developed 
per second by a given type of voltaic cell in the maintenance of a 
current is equal to a constant multiplied by the current That is, 

P~ EI (6) 

in which P is the electrical energy developed per second by a 
voltaic cell, / is the current produced by the cell, and £ is a 
constant for the given type of cell. This constant E is called 
the electromotive force of the cell. This definition of electromotive 
force applies to any form of electric generator. Imagine a 
dynamo driven at constant speed, and having a field magnet of 
which the strength is invariable. Ignoring friction, the only 
opposition to the motion of the dynamo is that which is due to 
the current flowing through the armature wires. Therefore to 
double the current output of such a dynamo would double the 
force required to drive !t,t and therefore double the rate at which 
work would be expended in driving it, its speed being constant ; 
but the work which would b? expended in driving such a dynamo 
would all go to maintain the current, so that the rate at which 

■ ATaikble, that is, Ibr the pioductioD of cuirent. Id some voltaic cells the whole 
of (he enei^ developed bj the voltaic action goes to muntaia the cnirenl ; but, in 
general, ■ deliuite fiactional part only of this energy is available for the production of 
an electric current. See Fkysuat Chimiiiry, H. C. Jones, pages 376-405. See also 
papeis by H. S. Carhart " On the Thennodynamici of the Voltaic Cell," PhyUial 
Raiitw, Vol. XI, p. I, Vol. XVI, p. 148, and Vol. XXVI, p. aog, March, 1908. 

f See Art. 52, on the side push of a magnetic field on an electric wire. 
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work is expended in maintaining the current is proportional to the 
current, according to equation (6). 

Hydraulic analogue of eUctromoHve force. — An electric gen- 
erator, such as a voltaic cell or a dynamo, is analogous to a cen- 
trifugal pump, or fan blower, which develops a definite difference 
of pressure between its inlet and outlet Imagine a fan blower 
connected to a circuit of pipe which goes out from the outlet and 
returns to the inlet The volume of air per second forced through 
this pipe may be called the strength of the air current, and the 
rate at which the fan delivers enci^ in the maintenance of this 
air current ts equal to the product of the strength of the air cur- 
rent and the pressure difference between inlet and outlet of the 
fan. Let / be the strength of the air current (volume of air 
flowing per second) and let E be the pressure diflference between 
inlet and outlet The power developed by the fan in maintaining 
the flow of air is 

P-^EI 

This equation is identical to equation (6), and the pressure differ- 
ence between inlet and outlet of the (an blower is exactly analogous 
to what is called the electromotive force of an electric generator. 

Note. — The power deliveied by n fan to ■ dicnit of |Hp« U not strictly propor- 
tiooal to the vol ume of air delivered per second because ui increased flow of aiinsiully 
causes a slight decrease in the speed of the fkn. Similarly, the power dellrered to a 
circuit of wire by a voltaic cell or dynamo is Dot aliictly proportional to the itrenglh 
of the ciureot because an increase of current usually causes a decrease in the electro- 
niotive force of the cell or generator. This decrease of electromotive force of a voltaic 
ceil is called folttrhaHon and it is discussed in Art. 23. The decrease of electromo- 
tive force of a dynamo due to increase of current output is generally due to a slight 
decrease of speed or to a weakening of the field magnet, or to both. 

Definition of the volt. — When P in equation (6) is expressed 
in watts 0oules of work per second) and / in amperes, then E 
is expressed in terms of a unit which is called the volt. That is 
to say, the electromotive force of an electric generator in volts is 
equal to the power in watts delivered by the generator divided 
by the current in amperes, or in other words, the power deliv- 
ered by a generator in watts is equal to the current delivered by 
the generator in amperes multiplied by the electromotive force of 
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the generator in volts. The abvolt or cg.s. unit of electromotive 
force is defined in Art 52. 

Unsatisfactory character of the fundamental definition of electro- 
motive force. — The definition of any physical quantity consists, in 
every case, of a concise statement of the fundamental method of 
measuring that quantity, and when this fundamental method of 
measuring a quantity involves operations which are not feasible 
under ordinary conditions of practical work, the definition seems 
more or less unsatisfactory. Thus, the above definition of elec- 
tromotive force as units-of-work-per-second-per-ampere (/*//) 
assumes that the rate of doing work in a pushing current through 
a circuit is to be measured directly in mechanical units, and no 
method is specified for doing this. The simplest definition of 
electromotive force is based on Ohm's Law as explained in the 
following article. 

19. Ohm's Lav. — The current produced by a voltaic cell, or, 
in general, by any electric generator, is inversely proportional to 
the resistance of the circuit.* This relation was discovered by 
G. S. Ohm in 1827 and it is called Ohm's Law. A complete 
statement of Ohm's Law together with a clear specification of the 
conditions under which the law applies may be derived as fol- 
lows : The power output of an electric generator is equal to EI 
according to equation (6). If the whole of this power Is itsed to 
heat the drcult In accordance with Joule's Law, then we must have 

EI=- RP 

according to equation (3). Therefore we have 

E=RI (J a) 

I -I (7h) 

*Tbis itatement >ad the atatement given in tfae previous ■rtlcle to the effect that 
the power output of a generator is proportional to the current, are not eiactl)' true, 
because of the fact thai the electromotive force of a generator usually falls off in value, 
lo ume extent, when the generator is called upon to give an increased CDrreat. 
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Defimtism of the volt on the basis of 0km' s Law. — According 
to equation (ja), the electromotive force required to force a cur- 
rent through a circuit is equal to the product of the resistance 
of the circuit and the current When the resistance is expressed 
in ohms and the current in amperes, this equation gives the value 
of the electromotive force in volts. That is to say, a voltaic 
cell, or any electric generator (assumed, for the sake of simplicity 
of statement to have no internal resistance and to be unaBected 
by those secondary influences which cause a decrease of electro- 
motive force with delivery of current), has an electromotive force 
of one volt if it produces one ampere of current in a circuit of 
which the resistance is one ohm. 

20. Application of equations (2), (6) and (7) to a portion of an 
electrical drcait. — Equation (2) expresses the heat which is 
generated in a portion of the electrical circuit, R being the 
resistance of that portion. Equation (6) expresses the power 
which is delivered to a portion of an electrical circuit, E being 
the electromotive force across the terminals of that portion. 
Equation (7) expresses the relationship between the current in an 
electrical circuit, the electromotive force across any given portion 
of the circuit, and the resistance of that portion. 

The current produced by a voltaic cell not only flows through 
the wire which is connected to the terminals of the cell, but it 
flows also through the electrolyte in the cell. Let EJ repre- 
sent the total rate at which work is supplied by the voltaic cell 
in the maintenance of the current, let R^ be the resistance of the 
external circuit of wire, and let R^ be the resistance of the 
electrolyte and electrodes in the cell. Then the rate at which 
heat is generated in the entire circuit is {R^ + R^I*, and this is 
equal to EI, so that 

E, = RJ+RJ 
whence 

R/=E,-RJ (8) 

but R I is the electromotive force which is required to force the 
current / through the external resistance R^ ; that is, RJ is 
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the actual electromotive force between the temdnaU of the cell while 
it is delivering current. Therefore, we have 

E^ = E, — RJ (9) 

in which E^ is the electromotive force across the terminats of 
the cell while it is delivering current, and, inasmuch as £^™ R^, 
and E^I = R^P, we may write : 

/-I (.0) 

and 

P^~EJ (11) 

in which P^ is the power delivered by the cell to the external 
circuit. In these equations E^ is the total electromotive force 
of the voltaic cell (or generator), RJ^ is the portion of this total 
electromotive force which is used to overcome the resistance of 
the cell (or generator), EJ^ ™ £, — R^I) is the electromotive 
force between the terminals of the cell (or generator), and P^ is 
the power delivered to the external circuit which does not include 
the power developed in heating the cell (or generator). 

Equations (6) and (7) are ,_ 

nearly always used in practice in - _^ 
their application to a portion of ^^* 

a circuit. Thus, Fig. 16 shows " ^— i 

a battery B supplying current to 
a lamp L, the electromotive force between the terminals of the 
lamp is E, the current flowing in the circuit is /, the power de- 
livered to the lamp is EI, and the current is equal to the elec- 
tromotive force between the terminals of the lamp divided by 
the resistance of the lamp, according to equation (7). 

Voltage drop in a generator. — The electromotive force R^I 
required to overcome the resistance of the generator (or voltaic 
cell) in the above discussion is subtracted from the total electro- 
motive force of the generator to give the electromotive force be- 
tween the generator terminals, as indicated in equation (8). This 
electromotive force RJ which is used to overcome the resistance 
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of a generator is called the electromotive farce drop or voltage drop 
in the generator. It is analogous to the decrease of pressure- 
difference between the terminals of a fan blower due to the resist- 
ance which is encountered by the stream of air in passing through 
the fan chamber. 

Voltage drop in a transnUssum line. — A current of I amperes 
is delivered to a distant lamp or motor over a pair of wires the 
combined resistance of which is R ohms. Let B^ be the elec- 
tromotive force across the terminals of the generator, and let E^ 
be the electromotive force across the terminals of the distant lamp. 




The difference between the voltage across the terminals of the 
generator and the voltage across the terminals of the lamp, namely, 
E^ — E^ is equal to the electromotive force which is used to over- 
come the resistance of both wires, namely, RI volts. This loss 
of electromotive force over a transmission line is called the volt- 
age drop over the line. 

Example. — The electromotive force across the terminals of a 
generator is 115 volts. The generator supplies 100 amperes of 
current to a motor at a distance of 1,000 feet, and the wire (2,000 
feet) used for the transmission has a total resistance of 0.05 ohm. 
The voltage drop over the line is lOO amperes x 0.05 ohm, or 5 
volts, and therefore the voltage across the terminals of the motor 
is 1 1 5 volts — 5 volts =110 volts. 

Hydraulic analogue of voltage drop. Definition of potential 
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difference. — Figure 17a represents a pump P forcing water 
through a small pipe and through a distant water motor M, the 
water being returned to the pump through a very lai^e and ap- 
proximately frictionlcss jMpe. The motor may be most conven- 
iently thought of as an ordinaiy pump with a piston, but driven as 
a motor by the water which is forced through it by P. Choosing 
the pressure in the large pipe as zero or reference pressure, the 
pressure at any other point in the system is to be specified by 
giving its value above or below the pressure in the lai^e pipe. 
The pump draws water through the supply pipe s, and the pres- 
sure in this small pipe falls below the zero line or axis 00. At 
the pump there is a sudden rise of pressure which is represented 
by the ordinate A, and the friction of the long pipe causes a 
steady drop of pressure until the motor M is reached. There is 
a sudden drop of pressure at the motor which is represented by 
the ordinate B, and then a slow drop of pressure along the 
remaining portion of the small pipe. In the diagram 00, the 
pump and motor are supposed to be located at deiinite points 
so that the rise of pressure in the pump and the drop of pres- 
sure in the motor are represented by the vertical ordinates A 
and B. 

Figure 17^ represents an electric generator G forcing an elec- 
tric current through a small conductor and through a distant 
electric motor M, the current being returned to the generator 
through a very large conductor of negligible resistance. Choos- 
ing the line 00 as a reference axis, the electromotive force be- 
tween the point P and any other point in the system may be 
represented by an ordinate measured upwards or downwards 
from the reference axis. In the diagram 00 the generator and 
motor are supposed to be located at definite points so that the 
propelling electromotive force of the generator is represented by 
a vertical ordinate A, and the opposing electromotive force of 
the motor is represented by the vertical ordinate B, 

When one has chosen a reference point, like P, Fig. ijb, in an 
electrical system, the electromotive force between that point and any 
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other point in the system is called the electric potential at the other 
point. — Thus, the ordinates / and p' in Fig. 17* represent the 




^Ufihtttoy return tondaKtoT'llililijj'Uj^t 



values of the electric potential at the two points q and ^ on 
the wire in the same way that the ordinates / and /' in Fig. 
I /a represent the values of the hydrostatic pressure at the points 
q and q' on the small pipe, that is to say, the potential at a point 
in an electrical system is analogous to the hydrostatic pressure at 
a point in hydraulics ; and the electromotive force between two 
points in an electrical system which by definition is equal to the 
difference of potential between those points, is analogous to the 
difference of pressure between two points in a hydraulic system 

21. Voltmeters'" and ammeters. — Figure iSu shows an am- 
meter A arranged to measure the current delivered by a gener- 







■The voltmeter is essentiallj' > hi^-reaistance smmeter except in th« case of tba 
electFostalic voltmeter wUdi is seldom used. Tbus, an ammeter ^ves a definite de- 
flection with a certain current / flowing through it, and the electromotive force be' 
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ator G, and a voltmeter V connected so as to indicate the 
electromotive force between the terminals of the generator. 
Figure 1 Zb shows an ammeter A and a voltmeter V arranged 
to measure the power delivered to a lamp L. 

An ammeter must have a very low resistance in order that it 
may not obstruct the flow of current in a circuit in which it is 
placed. A voltmeter must have a high resistance in order that 
it may not take sufficient current to disturb the system to which 
it is connected. Thus, the well-known voltmeter of the Weston 
Electric Company having a scale ranging from zero to 1 50 volts 
has a resistance of about 15,000 ohms, so that it takes about 
O.oi ampere when it is connected to a 150-volt generator. 
When an ammeter and a voltmeter are arranged to measure the 
power delivered to a lamp, as shown in Fig, 1 8i, the ammeter 
reading should be taken when the voltmeter circuit is open in 
order that the ammeter reading may indicate the true current 
flowing through the lamp.. 

22. Polarization* of the voltaic cell. — When a voltaic cell 
delivers current, the chemical action in the immediate neighbor- 
hood of the electrodes exhausts the electrolyte, and the electro- 
motive force of the cell falls oflf greatly. Thus, the ordinates of 
the curve AA in Fig. 19 represent the values of the electro- 
motive force of a dry cell after it has been delivering a fairly 
lai^e current for one minute, for two minutes, for three minutes, 

tween the terminals of the instrumeot is equal to XI, where ^ is the resisUDce of 
the inslnimeDL If the insCmment is to be used as bd ammeter the positioa of the 
pointer is mailied with the Dumber which gives the value of / in amperes, if the io- 
stnunent is to be used as a voltmeter the position of (he pointer is marked with the 
number which gives the mlue of XI in volts. 

The in&trument described in Art. I and shown in Fig. 3 may be considered to be 
a voltmeter if it baa a high redstance. 

* The word polarization has two distinct meanings in its application to electrolysis. 
The /o/aniaft'oB of a voltaic «// means the decrease of electromotive force of the cell 
due chiefly to changes of concentration of the electrolyte in the neighborhood of the 
electrodes of the cell as the cell delivers current -, and \^e polarization of an elietrodi, 
as this teim is generally used In sdenlific writings, means the total electromotive force 
between the electrode aod the electrolyte. See Practical Physics, Franklin, Craw- 
ford and MacNutt, Vol. II, pages 136-147. 
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and SO on, the electromotive force being measured in each case 
on open circuit (the cell being disconnected from the circuit to 
which it delivers current and connected to a voltmeter for a 
moment when it is desired to read its electromotive force). 
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When a voltaic cell has been polarized by deliverii^ current 
for some time, its electromotive force rises slowly when it is left 
standing on open circuit This recovery of a voltaic cell from 
polarization is due chiefly to the refreshing of the electrolyte in 
the neighborhood of the electrodes by the slow difTusion of the 
acid or salt from distant portions of the electrolyte to the surfaces 
of the electrodes. The ordinates of the curve BB in Fig. 19 
show the increasing values of the electromotive force of a dry 
cell standing on open circuit after it has been allowed to deliver 
current for some time. 

Branched Circuits. 

23. Series and parallel connectioiis. — When two portions of an 
electric circuit are "so connected that the entire current in the 
circuit passes through both portions, the portions arc said to be 
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connected in series. When two portions of an electrical circuit 
are so cornected that the current in the circuit divides and part 
of it flows through each portion, the portions are said to be con- 
nected in parallel. Thus, Fig. 20 shows two lamps L and L' 



i \ - 



connected tn series, and Fig. 21 shows two lamps connected in 
parallel. 

The ordinary arc lamps which are used to light city streets are 
connected in series, and the entire current delivered by the light- 
ing generator flows through each lamp. On the other hand, if 
the electromotive force of the generator is, say, 2,000 volts and 
if there are 40 similar * lamps in series, the electromotive force 
between the terminals of each lamp will be 50 volts. The electro- 
motive force of a generator is subdivided among a number of lamps 
or other units connected in series. 

The ordinary glow lamps which are used for house-lighting are 
connected in parallel between copper mains which lead out from 
the terminals of the generator, and, except for a slight drop of 
electromotive force in the mains, the full electromotive force of 
the generator acts upon each lamp. On the other hand, if the 
generator delivers, say, 1,000 amperes and if there are 2,000 simi- 
lar * lamps connected between the mains, the current in each lamp 
will be one half ampere. The current delivered by a generator is 
subdivided among a number of lamps or other units connected in 
parallel. 

Voltaic cells are often connected in series. When this is done 
the electromotive force which is available for the maintenance of 
current is equal to the sum of the electromotive forces of the indi- 

* Having the same resiitsDce. 
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vidual cells. Figure 22 is a top view of three dry cells connected 
in series and delivering current to a circuit R. 

A number of voltaic cells of the same kind are often connected 
in parallel. When this b done the total current delivered by the 
set is equal to the sum of the currents delivered by the individual 
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cells, and the electromotive force of the set is the same as the 
electromotive force of a single cell. Figure 23 is a top view of 
three dry cells connected in parallel and delivering current to a 
circuit R. 

Sometimes it is desirable to connect a number of cells in groups, 
each group containing a number of cells in series, and to connect 
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these groups of cells in parallel. Figure 24 is a top view showing 
two groups of dry cells connected in parallel, each group consist- 
ing of four cells connected in series, 

24. Discussion of the division of cuirrat In two branches of 
a drcuit. — Figure 25 shows a battery delivering current to a 
circuit which branches at the points A and B. Let / be the 
current in the main circuit, P the current in the upper branch. 
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P' the current in the lower branch, R! the resistance of the 
upper branch, and R" the resistance of the lower branch. The 
product R'P is the electromotive force between the points A 
and B, the product RT' is also equal to the electromotive force 
between the points A and B, and therefore we have 

R'r=R"P' (13)* 

The current in the main part of the circuit is equal to the sum 
of the currents in the various branches into which the circuit 
divides. Therefore we have the equation 

I=P+P' - (13)* 

It is an easy matter to determine the values of /' and /" 
[with the help of equations (12) and (13)] in terms of the total 
current / and the resistances R' and R" of the respective 
branches. It is important to note that a a definite fractional part 
of the total current flows through each branch, and equation ( 1 2) 
shows that the currents I' and I" are inversely proportional to the 
resistances R' and R" respectively. Thus, if R' is nine times 
as large as R", then /" is nine times as lar^ as /', so that 
/" must be equal to nine tenths of /, and /' must be equal to 
one tenth of /. 

29. Combined resistance of a number of branches of a circuit. — 
(a) The combined resistance of a number of lamps or other units 
connected in series is equal to the sum of the resistances of the 
individual lamps, {b) The combined resistance of a number of 

*EqiutiDns (11) sod (13) express two principles which were first enunciated by 
KiichhofT aad which ire asuallr called KiTchhofTs laws, as follows : 

(o) Eqoation (la) may be written R'I' — S"!" — 0, which means that the 
turn of the m drops taken in a chostn direction around the mesh fbrmed by the two 
branches of the circnit is eqnal to lero. This relation is true of a mesh of any net- 
work of conductors. If one side of the mesh contains a voltaic cell of which the 
electromotiTe force is E, then the sum of the RI drops aroond Che mesh is eqnal 
to E. 

{b) Equation (13) may be written /—/' — /" = o, which means that the imn 
of the cmrenCs flowing lowards one of the branch points A 01 B ii eqnal Co lero. 
This relation may be generalized as follows : The sum of the cnrrenCs Sowing towards 
K branch point in any network of conductors is equal to zero. 
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lamps or other units connected in parallel is equal to the recipro- 
cal of the sum of the redprocals of the respective resistances. 
The proposition (a) is almost self-evident Proposition {6) may 
be established as follows : Let E be the electromotive force be- 
tween the points A and B where the circuit divides into a 
number of branches. Then, according to Ohm's Law, we have 

'-I « 

^"-^ « 

where R', l^' and R" ' are the resistances of the respective 
branches, and /', /" and /" ' are the currents flowing in the 
respective branches. 

Let / bethetotalcurrentflowinginthedrcuit{=-/'-K/"-H/"'). 
The combined resistance of the branches is defined as the resist- 
ance through which the electromotive force E between the 
branch points would be able to force the total current /. That 
is, the combined resistance is defined by the equation 



R, 



(iv) 



in which R^ is the combined resistance. Adding equations (i), 
(ii) and (iii), member by member, and substituting EjR^ for 
/' + /" + /" ', we have 

£ £ ^ _E_ 
R,^R''^R"'^R'" ^"f 

whence 

K- 

_Lj._Lj._i_ (■'*) 
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26. Typical ^oblem in Inanched dicaits. — The battery in Fig. 
25 has an electromotive force of 15 volts ; the battery and the 
wires which connect the battery to the points A and B have 
a total resistance of 2 ohms ; the upper branch has a resistance 
of 3 ohms {R' = 3) and the lower branch has a resistance of 4 
ohms (Ji" = 4) , and it is required to find : (a) the combined 
resistance of the two branches and total resistance of the circuit, 
(6) the total current, (c) the electromotive force between the 
branch points, {d) the current in the upper branch, and (e) the 
current in the lower branch. 

(a) The combined resistance of the two branches is the redp- 
rdcal of (^ + \), or Jy^. of an ohm. Therefore the total resistance 
of the circuit through which the battery sends current is 3^ 
ohms. 

(^) The total current is found by dividing the electromotive 
force of the battery by the resistance of the circuit, which gives 
4^g amperes. 

(c) The electromotive force between the branch points is equal 
to the product of the total current by the combined resistance 
of the two branches or to 4^^ amperes dmes i^ ohms, which 
gives 6JJ volts. 

(d) The current in the upper branch is found by dividing the 
electromotive force between the branch points by the resistance 
of the upper branch, which gives 2^ amperes. 

(/) The current in the lower branch is found by dividing the 
electromotive force between the branch points by the resistance 
of the lower branch, which gives ijg amperes. 

27. The use of shunts with galvanometers and ammeters. — In 
the use of a galvanometer, or other current -measuring instrument, 
it is frequently not desirable to send the whole of the current 
which is to be measured through the instrument. In such a case 
a definite fractional part of the current may be diverted by mak- 
ing the instrument one of two branches of the circuit, as shown 
in Fig. 26a, in which A represents the galvanometer or ammeter 

5 
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and s represents the auxiliary branch. This auxiliary branch 
is called a shunt. 

Example. — A galvanometer (or ammeter) of which the resist- 
ance is R ohms is shunted by a resistance of Rjgg ohms. In 
this case 99 times as much current flows through the shunt as 
through the galvanometer, that is, y^^ of the total current flows 
through the galvanometer and -^^^ of the total current flows 
through the shunt 

26. Use of voltmeter multiplying colls. — Suppose one has 
a voltmeter which is capable of indicadng the value of any elec- 
tromodve force up to a limit of 10 volts (more than 10 volts 
throws the pointer off the scale, and much more than 10 volts 
may damage the instrument). Let R be the resistance of the 




FIC. 36a. Pig. 26b. 

instrument. Let an auxiliary resistance equal to («— i)R be 
connected in series with the instrument, let the combination be 
connected to an electromotive force which is to be measured, and 
let E be the reading of the instrument ; then the value of the 
electromotive force is equal to nE. This is evident if we con- 
sider that a definite deflection on the voltmeter means a definite 
current flowing through the instrument Let this current be 
represented by /. Then the electromotive force between the 
terminals of the instrument is RI and this is the electromotive 
force which is indicated by the instrument reading, whereas 
the electromotive force between the terminals of the combination 
is equal to the product of the current times the resistance of 
the combination, or nRT. 

39. Use of a standard shont and a millivoltmeter, combined, as 
an ammeter. — A millivoltmeter is a voltmeter for reading very 
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small electromotive forces, and it is called a millivoltmeter because 
its scale reading indicates the value of an electromotive force in 
millivolts (one millivolt equals one one-thousandth of a volt). 
The current / to be measured flows through a known low resist- 
ance Ji, and the electromotive force between the terminals of 
this resistance is measured by means of a millivoltmeter as indi- 
cated in Fig. 26d. If the value of Ji is one one-thousandth of an 
ohm, then the reading of the millivoltmeter in millivolts is the 
value of the current in amperes. If the value of /? is one one- 
hundredth of an ohm, then the reading of the millivoltmeter in 
millivolts must be divided by lo to give the value of the current 
in amperes. If the value of Ji is one tenth of an ohm, then 
the reading of the millivoltmeter in millivolts must be divided by 
loo to give the value of the current in amperes. It is evident 
from the, connections shown in Fig. 26^ that the total current is 
equal to the current in the known resistance R plus the current 
flowing through the millivoltmeter ; but inasmuch as the resist- 
ance of the millivoltmeter is always quite large, the current which 
flows through it is very small and is always negligible in com- 
parison with the current which flows through Ji. The resistance 
Ji in Fig. 261* forms a shunt to the millivoltmeter and the combi- 
nation exemplifies the matter which is discussed in Art. 27. 

Problems. 

13. A current of 0.5 ampere flowing through a glow lamp 
generates 150 calories of heat in 10 seconds, (a) Required the 
resistance of the lamp in ohms. (^) What power is expended in 
the lamp? Express in watts and in horse-power. Ans. (a) 252 
ohms ; (d) 63 watts or 0.0844 horse-power. 

14. A wire having a resistance of 250 ohms is coiled In a 
vessel containing 2,000 grams of oil of which the specific heat is 
0.60. The vessel itself weighs 200 grams and its specific heat 
is 0,095. A current of 1.5 amperes is passed through the coil of 
wire. How long will it take to raise the temperature of the oil 
and the vessel one centigrade degree ? Ans. 9. 1 1 seconds. 
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Ifi. The field coil of a dynamo contains 25 pounds of copper 
(specific heat 0.094), weight of cotton insulation negligible. The 
resistance of the coil is 100 ohms, (a) At what rate does the 
temperature of the coil begin to rise when a current of 0.5 
ampere is started in the coil ? (3) How long would it take for 
the temperature of the coil to rise to 20° C. if no heat were 
given off from the coil by radiation ? Ans. (d) 0.02345 centi- 
grade degree per second; ((5) 14,2 minutes. 

16. A given spool wound full of copper wire 60 mils in diameter 
has a resbtance of 3.2 ohms. An exactly similar spool is wound 
full of copper wire 120 mils in diameter. What is its resistance? 
Ans. 0.2 ohm. 

17. What is the resistance at 20° C. of 2 miles of commercial 
copper wire 300 mils in diameter? Ans. r.22 ohms, 

18. What is the resbtance at 20° C, of one mile of 3 conductor 
consistii^ of seven copper wires each 40 mils in diameter? 
Ans. 4.9 ohms. 

19. Find the resistance at 20° C. of a copper conductor roc 
feet long, having a rectangular section 0.5 x 0.25 inch, Ans. 
0,00653 ohm. 

20. A sample of commercial copper wire 3 feet long and 120 
mils in diameter is found, by test, to have at the same tempera- 
ture a resistance equal to that of 26.2 inches of pure copper wire 
1 00 mils in diameter. Find the ratio of the specific resistance of 
the sample to the specific resistance of pure copper, Ans. 1.048. 

21. What is the resistance at 20° C. of a steel rail 30 feet long 
weighing 900 pounds ? The specific gravity of the steel is 7.8. 
Ans. 0,000191 ohm. 

28. What is the resistance at 20° C. of an iron pipe 120 feet 
long having 1 inch inside diameter, and ij inches outside diam- 
eter ? The pipe has seven joints, and each joint is assumed to 
have the resistance of one foot of pipe. Specific resistance 
assumed to be the same as rail steel. Ans. 0.01536 ohm. 
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23. A pure copper wire, 2,000 feet long weighs 125 pounds. 
What is its resistance at 20° C. How will its resistance be 
changed by doubling the length without changing its weight ? 
The specific gravity of copper is 8.g. Ans, l.oi ottvas. 

24. The specific resistance of carbon such as used for arc lamps 
is about 2,400 times as great as that of pure copper. Find the 
watts lost, that is, find RP, in the two carbons of an arc lamp, 8 
inches of each carbon being in circuit, the carbon being ^ inch in 
diameter, and the current passing through the lamp being 9.6 
amperes. Ans. 12,3 watts. 

25. A column of a 1 5 per cent solution of CuSO^, i meter 
long, having one square millimeter section, has a resistance of 
260,000 ohms. An electrolytic cell of this solution has two flat 
electrodes, 30 x 30 centimeters, 2. 5 centimeters apart Calculate 
the current due to 2 volts between electrodes, allowii^ 0.2 volt 
for polarization. Ans. 27.7 amperes. 

26. A copper transmission line has a resistance of 5 ohms at 
20° C. What is its resistance at 90° C? Ans. 6.297 ohms. 

JVsie. — The difference betneeo tlie temperature coefficient of reaistuice of a metal 
expressed u a fraction of its resistance at 0° C. and Its temperature coefKcient 
expressed as a fraction of its resistance at any other temperature not greatly different 
from 0° C. ii less than the rariadons of the temperature coefficient for different 
samples of the same (commeidal) metal, and therefote it is ridicDlons to insist on 
the refined calculations which grow out of the above- mentioiied difference. The 
answers to oil temperature-resistance problems in Ibis coliecUoD are, however, found 
by the correct (arithmetically correct 1) method. The fbrmola is 

— (^) 

27. A wire has a resistance of 164,8 ohms at 20° C. and a 
■ resistance of 186.2 ohms at 70° C. What is the mean tempera- 
ture coefficient ? Ans. 0.002739. 

28. The field coil of a dynamo has a resistance of 42.6 ohms 
after the dynamo has stood for a long time in a room at 20° C. 
After several hours' running the resistance of the coil is $1.6 
ohms. What is its temperature? Ans. 76,5°. 

29. A platinum wire has 254 ohms resistance at 0° C. When 
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placed in a furnace its resbtance is 1,630 ohms. What is the 
temperature of the furnace ? Ans. 1,531°. 

30. A platinum wire which has 254 ohms resistance at 
0° C. has a resistance of Si ohms when placed in a bath of 
liquid air. What is the temperature of the liquid air? Ans. 
- I92°.5. 

31. A glow lamp has a resistance of 220 ohms at a tempera- 
ture of 1,000*^ C. (a bright red heat). At 20° C, its resistance is 
277 ohms. What is the mean temperature coefficient of the 
carbon filament? Ans. — 0.00021. 

32. The temperature coefficient of a given metal iso.004 per 
degree centigrade when expressed in terms of the resistance of the 
metal at 0° C. Find the temperature coefficient per degree 
Fahrenheit expressed in terms of the resistance at o" F. Ans. 
0.00239 per degree F. 

A^^. — Assume a wire of the ^tcd metal of which the re»stancc at o" C. is one 
ohm and calculate its reastonce ^ at — 17.78° C. {equals 0° F,). The lempera- 
ture coeffident per degree centigrade expressed in tenns of the rcsiatance at — 17.78° 
C. is greater than the temperature coefficient per degree centigrade expressed in tenns 
of the le^tance at 0° C. in the ratSo of ^ Co unitj and this result must be divided 
by 1.8 to get the coefficient per degree Fahrenheit in terms of the resistance at 0° F. 

33. Practically all of the energy of the chemical action which 
takes place in the gravity cells goes to maintain the current pro- 
duced by the cell. When one gram of powdered zinc is stirred 
into a solution of copper sulphate 756 calories of heat are gener- 
ated. Calculate the electromotive force of the Daniell cell. 
Ans. 1.07 volts. 

^iV^^, _Asstnne the current of one ampere and find the fraction of a gram 1 of zinc 
which would be depoated by this current per second. This is the amount of zinc 
which is consumed per second by voltaic action. Find the number of calories of heat 
represented by the reaction of t grams of sine with copper sulphate, and reduce this 
result to joules. We thus find the number of joules per second developed by the vol- 
taic action which is produced vhen one ampere flows through the cell and this is 
equal to the defied electromotive force in volts. 

34. A fan blower develops between its inlet and outlet a pres- 
sure-difference of three fourths pound per square inch. When 
the outlet is open the fan delivers 20 cubic feet of air per second. 
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At what rate does the fan do work in delivering this air ?. Ans. 
2,i6o foot pounds per second. 

' Neti. — Reduce the pressure-diffccence to pounds per square foot and then the 
unit in terms of vhicb the result is expressed will be at once evident . 

35. When a certain electric generator is giving out no current 
it takes 1.75 horse-power to drive it When the generator de- 
livers a current of 150 amperes it takes 25 hbrse-power to drive 
it Assuming that the increased power is all used in the main- 
tenance of the 1 50 amperes of current, find the electromotive 
force of the generator. Ans. 1 1 5:7 volts. 

36. An incandescent lamp takes 0.6 ampere when the electro- 
motive force between its terminals is no volts. Find tiie power 
delivered to the lamp in watts and in horse-power. Ans. 66 
watts or 0.0884 horse-power. 

37. In the electrolytic refining of copper an electromotive force 
of 0.3 of a volt suffices to send the current through the electro- 
lytic cell in which the pure copper is deposited. Calculate the 
number of kilowatt -hours required to deposit a ton of pure 
copper. Ans. 230 kilowatt-hours. 

Noti. — See data on (wges 13 and 14. 

38. In the electrolytic manufacture of aluminum by electrolysis 
an electromotive force of 5,5 volts suffices to send the current 
through the electrolytic cell in which the metallic aluminum is 
deposited. Find the number of kilowatt-hours required for the 
production of one ton of aluminum. Ans, 14,810 kilowatt-hours. 

Nslt. — One kilowatt continuously for one year costs from Jzo to (40 wfaeD 
developed on a lai|^ scale by trater power. See data oo pages 23 and 24. 

38. When electrical energy costs 15 cents per kilowatt-hour 
how much does it cost to operate, for 10 hours, a glow lamp 
which takes J an ampere from no-volt mains ? Ans, %\ cents, 

40. An electric motor which delivers 5 horse-power at its belt 
has an efficiency of 8 5 per cent This motor is supplied with cur- 
rent from no-volt mains. What current does it take? Ans. 
39,89 amperes. 
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41. A fine copper wire wound in one layer upon a pane of glass 
is submerged in an oil-bath and a measured current / is allowed 
to flow through the wire causing the temperature of the bath to 
rise slowly. A voltmeter is connected across the terminals of the 
coil of copper wire and simultaneous readings of current / in 
the coil, electromotive force £ across the terminals of the coil 
and temperature T of the bath were taken as follows : 
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Calculate the resistance of the wire at each observed temperature, 
and plot a curve of which the abscissas represent observed tem- 
peratures and of which the ordinates represent the calculated 
values of the resistance of the wire. 

48. An electrolytic cell, consisting of a one per cent, solution 
of sulphuric acid between lead electrodes, was connected to 
supply mains, and the following values of current / flowing 
through the cell, electromotive force E between the electrodes, 
and temperature T of the solution were observed. Calculate 
the resistance of the cell at each temperature, and plot a curve 
of which the abscissas represent temperatures, and of which the 
ordinates represent the corresponding calculated resistances of 
the cell. 
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JVait. — The resislance of the cell 10 this problem is to b« calculated by means of 
Ohm's Law. Ohm's Law, however, is not strictly applicable in this case, because a 
portion of the work which is done on the cell is used to produce chemical action, 
whereas Ohm's Law is tme only in case all the work delivered to a circuit is spent ia 
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heatiDg the drcnit in accordance irith Joule*! Law. Thii matter i>ia.]i be ttated in 
■nolher waj, as follows : A certain portion 0/ the observed electromotive force is 
used to produce chemical action, and the remainder ii used to overcome the re- 
sistance of the eiectroljte \n accordance with Ohm'a Law. The portion of the 
electromotive force which i* used to produce chemical action is about > or z^ 
volts, so that but little error is introduced by ignoring this effect and assuming that 
the whole of the electromotive force ii UMd Co overcome resistance in accordance 
with Ohm's Law. 

43. A coil of which the resistance is to be determined is con- 
nected in series with an ammeter across I lo-volt mains, and the 
current is observed to be 26 amperes. What is the resistance of 
the coil ? Ans. 4,23 ohms. 

44. A wire of which the resistance is 1 50 ohms is connected 
to the terminals of a i lO-volt dynamo, and a point on this wire 
is grounded, the resistance between the positive terniinal of the 
dynamo and the grounded point being 60 ohms. Choosing the 
ground as the region of zero potential, find the potential of each 
terminal of the dynamo. Ans. The potential of the positive 
terminal is + 40 volts, and the potential of the negative terminal 
is — 60 volts. 

45. A voltaic cell of which the electromotive force is i .07 volts 
and the resistance is 2.1 ohms is connected to a coil of 5 ohms 
resistance, (a) What current is produced ? (^) What is the elec- 
tromotive force drop in the cell ? (f) What is the electromotive 
force between the terminals of the cell ? Ans, (a) o, 1 5 ampere, 
(^) 0.32 volt, (^) 0.7s volt. 

48. A storage battery consisting of 54 cells connected in series 
has a resistance of 0.0002 ohm per cell, and an electromotive 
force per cell which ranges from 2 volts at the beginning to 1.85 
volts at the end of the discharge. The battery supplies current 
to 100 glow lamps (each having 220 ohms resistance) connected 
in parallel between copper wires 0.325 inch in diameter at a dis- 
tance of 200 feet from the battery. Find the electromotive force 
between the terminals of the group of lamps at the beginning 
and at the end of the dischai^ of the storage battery. Ans. 
105.6 volts and 97.7 volts. 
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47. The electromotive force of a battery is 1 5 volts (measured 
on open circuit). The battery terminals are connected by a wire, 
when it is observed that a current of 1.5 amperes is produced 
and the electromotive force between the battery terminals is 9 
volts. Find the resistance of the wire and the apparent resistance 
of the battery. Ans. 6 ohms and 4 ohms. 

Note. — WbeD a voltaic cell is called upoQ to give cnirent, the termiual voltage of 
the cell tails off, Dot only on account of the ri drop in the cell, but also on account 
of what is called polarization. This pFoblem is to be solved on the assamptioD Chat 
the whole of the decrease in tenninal voltage is due to ri drop. The valae of the 
resistance as calcolaled on this assumption is greater than the true resistance of the 



48. Find the total electromotive force that must be induced in 
a dynamo armature to send a charging current of 100 amperes 
through a storage battery consisting of 54 cells connected in 
series. Each cell has an average counter electromotive force of 
2. 3 volts, the resistance of each cell is 0.0004 ohm, the resbtance 
of the dynamo armature is 0.02 ohm, and the resistance of the 
leads is 0.03 ohm. Ans. 131.36 volts. 

49. A dynamo having an electromotive force of 115 volts 
between its terminals delivers 200 amperes to a group of glow 
lamps 1,000 feet distant from the generator. Find : (a) the size 
of copper wire for the mains in order that 95 per cent of the 
power output of the generator may be delivered to the lamps ; 
{S) the electromotive force between the mains at the lamps. 
Ans. {a) 792,300 circular mils; (-*) 109.25 volts. 

fiO. What size of copper wire is required to deliver current at 
r 10 volts to a lo-horse-power motor of 85 per cent, efficiency, 
the motor being 2,000 feet from the generator, and the electro- 
motive force between the generator terminals being 125 volts. 
Ans. 221,200 circular mils. 

61. A motor receiving loo kilowatts of power is at a distance 
of 1 5 miles from the generator. Line wires 200 mils in diameter 
are to be used. The line loss is to be 10 per cent of the gener- 
ator output. Find : (a) the current ; {S) the voltage at the gen- 
erator, and (*:■) the voltage at the motor. Ans. (fl) i6.44amperes; 
{b) 6,763 volts ; [c) 6,087 volts. 
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Neti. — High-Toltage direct-euirent power tnmsmissioD is Dot much used ia Amer. 
ioin practice. 

62. A motor using 100 kilowatts of power is to miles from 
the generator. Line wires 200 mils in diameter are to be used. 
What electromotive force is required at the generator in order 
that the line loss may be only 5 per cent, of the output of the 
generator? Ans, 7,602 volts. 

63. A direct-reading voltmeter V, Fig. 27^ having 16,000 
ohms resistance, is connected from main A to earth. The volt- 
meter gives a reading of 2,6 volts and the electromotive force 
between the mains is 1 10 volts. 

Find the insulation resistance 
between main B and the earth 
on the assumption that the in- 
sulation resistance of main A 
is : {a) infinite ; (J>) the same as 
that of main B ; (c) one tenth 
of that of main B. Ans. {a) 
660,900 ohms ; {S) 644,900 
ohms ; (c) 500,900 ohms. 

64. Three resistances A, B and C of which the values are 
500 ohms, 200 ohms and 1.2 ohms, respectively, are cotmected 
to a battery of negligible resistance, the electromotive force of the 
battery being 2 volts. The connections are made so that the 
whole current produced by the battery flows through A, then 
divides and passes through B and C in parallel, and returns to 
the battery. Calculate the total resistance of the circuit, the total 
current, the current in B, the current in C, the electromotive 
force between the terminals of A, and the electromotive force 
between the terminals of B (or C). Ans. 501.19 ohms, 
0.00399 ampere, 0.000024 ampere, O.OO3966 ampere, 1.995 
volts, 0.005 volt, in order. 

66. Three resistances of 4, 4 and 2 ohms respectively are con- 
nected in parallel ; and two resistances of 6 and 3 ohms in parallel. 
The first combination is connected in series with the second, and 



I 
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with a battery of three volts electromotive force and negligible 
resistance. What is the current in the 2-ohm and 3-ohm resist- 
ances ? Ans. 0.5 ampere, 0.66 ampere. 

56. Six voltaic cells, each having a resistance of 2 ohms, are 
connected to a coil of which the resistance is 5 ohms. What is 
the total resistance of the circuit : (a) When the 6 cells are con- 
nected in series, {b) when the 6 cells are connected 2 in parallel 
by 3 in series ; (c) when the 6 cells are connected 3 in parallel 
by 2 in series ; and (1^ when the 6 cells are connected in paral- 
lel? Ans. (a) 17 ohms, {b) 8 ohms, {c)6^ ohms, and {d) 5 J 
ohms. 

The electromotive force of each cell is r.6 volts. What current 
is produced in the coil in each of the above cases? Ans. {a) 0.57 
ampere, {b) 0.6 ampere, {c)o.$ ampere, {d) 0.3 ampere. 



67. A direct- reading ammeter has a resistance of 0.05 ohm. 
The instrument is provided with a shunt so that the total current 
passing through the instrument and shunt is 10 times the ammeter 
reading. What is the resistance of the shunt? Would it be 
practicable to construct such a shunt, measure its resistance by a 
Wheatstone's bridge, and connect it to the ammeter terminals ? 
If not, how could such a shunt be accurately adjusted ? Ans. 
0.00556 ohm. 

58. A mil li voltmeter has a resistance of 15.4 ohms. What 
resistance must be connected in series with the instrument so that 
the scale reading may give volts instead of millivolts ? Ans. 
15,384.6 ohms. 

69, The scale of a direct-reading millivoltmeter has 100 divis- 
ions, each division corresponding to one millivolt between the 
terminals of the instrument. This instrument is connected to the 
terminals of a low resistance shunt and each division of the scale 
corresponds to o.25ampere in the shunt. Whatisthe resistance 
of the shunt ? Ans. 0.004 ohm. 
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CHAPTER III. 
THE MAGNETISM OF IRON. 

30. Femmt^netiBm and electrom^netiBm. — There are two 
distinct groups of magnetic phenomena, namely, (a) the phe- 
nomena oi ferromagnetism, that is to say, the phenomena which 
are associated with magnetized iron and steel, and {B) the phe- 
nomena of eUctromagnetism, that is to say, the magnetic phe- 
nomena which are exhibited by the electric current in the ab- 
sence of iron and steel. In developing the subject of magnetism 
it is necessary to study ferromagnetism first because the phe- 
nomena of ferromagnetism are much more familiar than the 
phenomena of electromagnetism ; in fact, the phenomena of 
electromagnetism are comparatively obscure, arid, in many cases, 
almost imperceptible, except when they are enhanced by the 
presence of iron. Thus, a dynamo or an induction coil would 
operate if all its iron parts were removed, but the effects pro- 
duced would be so slight as to be almost imperceptible. Practi- 
cally, therefore, the phenomena of ferromagnetism and the phe- 
nomena of electromagnetism are inextricably associated with each 
other. In the rational study of magnetism, however, a considera- 
tion of the phenomena of the magnetism of iron leads to the all- 
important conception of the magnetic field, and the subject of 
electromagnetism is then developed on the basis of this concep- 
tion as exemplified in Chapters IV, V, and VI. 

The magnet. ■=— The name magnet was originally apphed to the 
lodestone, a mineral composed of iron oxide, which, in its native 
state, possesses the power of attracting iron. 

The electromagnet. — One aspect of the magnetic effect of the 
electric current, as described in Art. i and as shown in Fig. 2, is 
that an iron rod which is wound with an insulated wire becomes 
a magnet when an electric current is sent through the wire. 
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Such an iron rod with its winding of wire is called an electro- 
magnet. The iron rod is called the core, the coil of wire is called 
the winding, and the electric current which flows through the 
coil is called the exci&ng current of the electromagnet. 

The permanent magnet. — When the core of an electromagnet 

is made of soft: iron it loses * its magnetism very quickly and 

almost completely when the exciting current ceases to flow. 

When the core of an electromagnet is made of hardened steel, 

however, it retains its magnetized condition very persistently after 

the exciting current has ceased to flow, and of course 

J|Hk such a bar of magnetized steel may be removed from 

^^B the magnetizing winding. A steel bar magnetized in 

^^B this way is called a permanent magnet. A perma- 

^H nent magnet, so-called, loses its magnetism more or 

H less rapidly when it is subjected to mechanical shocks 

^^ or temperature changes, 

^^K Poles of a magnet. Compass. Naming the poles. — 

^^K Certain parts only of a magnet possess the power of 
^Hf attracting iron. These parts of a magnet are called its 
^^ poles. The poles of a bar magnet, for example, are 

usually at its ends. Thus, Fig. 28 shows a bar mag- 
net with iron fltings clinging to its ends. A horizontal magnet 
which is free to turn about a vertical axis places itself, at most 
places on the earth approximately north and south. This beha- 
vior of a magnet is exemplified in the ordinary magnetic com- 
pass which consists of a pivoted magnet playing over a divided 
circle. The terms magnetic north, magnetic east, etc., are occa- 
sionally used in referring to the cardinal points of the compass 
as indicated by the compass needle. 

The north pointing pole of a magnet is called its north pole, 
and the south pointing pole of a magnet is called its south pole. 
Mutual force action of two magnets. — When a magnet is sud- 
denly brought near to a compass, the compass needle is set more 
* Except when the core is long lad slim, or when the core is part of > complete 
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or less violently into motion (coming quickly to rest) because of 
the force which the magnet exerts on the compass needle. In 
general, any two adjacent magnets exert forces on each other, 
and this mutual force action is always resolvable into four parts, . 
namely, the force with which each of the poles of one magnet 
acts upon each of the poles of the other magnet. The north pole 
of each magnet attracts the south pole of the other magnet, the 
north poles of both magnets repel each other, and the south 
poles of both magnets repel each other. Unlike magnetic poles 
attract each other, like magnetic poles repel each other. 

31. Distributed and cooceotrated magnet poles. — The poles of 
a magnet, that is, the seats of the attracting and repelling forces 
above described, are distributed over considerable portions of the 
bar, generally the end portions. This is especially the case with 
short thick bars. In the case of long slim magnets, however, the 
poles are ordinarily more nearly concentrated at the ends of the 
bar. In the first case we have what are called distributed poles, 
and in the second case we have what are called concentrated poles. 
The laws of attraction and repulsion of magnets are quite simple 
for long slim magnets with concentrated poles, and the ideal slim 
magnet with concentrated poles will be made use of in the follow- 
ing development of the fundamental ideas relating to the mag- 
netism of iron and to the magnetic action of the electric current. 

32. Strength of a magnet pole. — The poles of a magnet may 
attract iron with greater or less force 
^cording to the size of the magnet 
and according to the thoroughness 
with which the magnet has been 
magnetized. The poles of a magnet 
are said to be strong when they at- 
tract iron or steel with a relatively 
great force. Consider a pair of long 
slim magnets a. Fig. 29, another pair 6, another pair c, another 
pair d, and so on, the two magnets of each pair being exactly 
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alike. // is possttU to select, from suck a set, two similar magnets 
of which the two north foles, for example, repel each other with a 
force of one dyne when they are one centimeter apart. Each of 
the poles is then said to be of one unit strength, and the strength 
m of any other pole is equal to the force in dynes with which this 
other pole is acted upon by a unit pole at a distance of one centi- 
meter. The force with which two poles, of strengths m' and «", 
respectively, attract each other when they are at a distance of one 
centimeter apart is m'm" dynes. This is evident when we con- 
sider that each of the m' unit poles, which may be thought of as 
being combined to give the pole m', attracts each of the mf' unit 
poles which may be thought of as being combined to give the 
pole <«", with a force of one dyne. 

33. Coolomb's law. — The force of attraction or repulsion of 
two magnet poles is inversely proportional to the square of the 
distance between them. This fiict was discovered in 1800 by 
Coulomb, who measured the force of attraction of two magnet 
poles at different distances apart and found the force to vary 
inversely with the square of the distance. A long slim magnet 
was suspended horizontally by a wire, thus forming a torsion 
pendulum. One of the poles of another long slim magnet was 
brought near to one of the poles of the suspended m^net, the 
force action between the two poles produced a twist in the 
suspending wire, and the value of the force was determined from 
the observed amount of twist. 

Complete expression for the force of attraction of two magnet 
poles. — According to the previous article, two poles attract or 
repel each other with a force of «('»«" dynes when they are one 
centimeter apart, therefore, according to Coulomb's Law, the 
poles attract or repel each other with a force of m'ft^'jr^ dynes 
when they are r centimeters apart ; that is, 

P-"^ (.5) 

in which m' and m" are the respective strengths of the two 
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magnet poles, r is their distance apart in centimeters, and F is 
the force in dynes with which they attract or repel each other. 

Algebraic sign of magnet pole. — The poles m' and «<" are 
alike in sign when both are north poles or when both are south 
poles. On the other hand, m' and m" are unlike in sign 
-when one is a north pole and the other is a south pole. It is 
customary to consider a north pole as positive and the south 
pole as negative. The force in equation (15) is considered as 
positive when it is a repulsion. 

Two poles of a magnet always equal in strength and opposite in 
sign, — The behavior of a magnet in what is called a uniform 
magnetic field, as described in Art. 41, shows that the poles 
-of a magnet are always equal in strength and opposite in sign. 
A bar of steel may be irregularly magnetized so as to have one 
•or more north poles and one or more south poles, but the sum 
total of the north polarity is equal to the sum total of the south 
polarity. When a magnet is broken in two, each piece is found 
to be a complete magnet with a north pole and a south pole. 
It is often convenient, nevertheless, to speak of an isolated magnet 
fole, meaning one pole of a very long magnet, the other pole being 
so far away as to be negligible in its effects. 

34. Magnetic figures. The magnetic field. — When iron filings 
are dusted upon a pane of glass which is placed over a magnet, 
the filings tend to arrange themselves in regular filaments. Slight 
tapping of the glass facilitates the arrangement of the filings. 
Figure 30 is a photographic reproduction of a magnetic figure 
-obtained in this way. This magnetic figure conveys the idea that 
something emanates from one end of the magnet, traverses the 
surrounding region in beautifully curved lines, and enters the 
other end of the magnet. In fact, the entire region surrounding 
a magnet is in a peculiar physical condition as is shown by the 
behavior of a compass needle when the compass is brought into 
the neighborhood of a large magnet 

Wherever a compass may be placed in the neighborhood of a 
m^net, the compass needle points in a definite direction, the 
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same direction, indeed, as would be taken by filaments of iron 
filings at that place. Atry region in wkick a compass needle 
tends to point in a definite direction is called a magnetic field, and 



the direction of the compass needle (arrow-head thought of as being 
at the north-pointing end of the needle) is the direction of the field 
at the place where the compass is located. 

The filaments of iron filings in a magnetic figure shown in 
Fig. 30 indicate the trend of what are called the lines of force of 
the magnetic field. A line of force is at each point in the direc- 
tion of the field at that point. 

Example. — The fine parallel lines in Fig. 3 1 represent the 
lines of force of a magnetic 
field in which a bar magnet 
NS is placed, and the heavy 
arrows i^/^ represent the forces 
with which the field acts on the 
two poles of the magnet tend- 
ing to turn it into the direc- 
tion of the field, 

35. Intensity of a magnetic field at a point. — A magnetic field 
has been defined as a region in which a compass needle tends to 
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point in a definite direction, and the tendency of the needle to 
point in a definite direction is due to the fact that equal * and op- 
posite forces FF, Fig, 31, are exerted on the two poles of a 
magnet by the magnetic field, that is to say, a magnetic field is a 
region in which a magnet pole is pulled in a definite direction 
(the direction of the JUld in the case of a north pole, the oppo- 
site direction in the case of a south pole). The force H, in 
dynes, which acts upon a unit magnet pole when it is placed at 
a given point in a magnetic field is adopted as the numerical 
measure of the intensity of the field at the point This force-per- 
luiit-pole H is hereafter spoken of simply as the intensity of 
the field. The unit of magnetic field intensity (one-dyne-per- 
unit pole) is called the gauss. 

Complete expression for the force with which a magnetic field 
acts on a magnet pole. — The force with which a magnetic field 
acts upon a magnet pole of m units strength is m times as great 
as the foree H with which the field acts upon a unit pole placed 
at the same point. Therefore 

F=mH (16) 

in which F is the force in dynes which acts upon a magnet pole 
of strength m when it is placed in a magnetic field of which the 
intensity is H gausses. 

Uniform and non-uniform fields. — A magnetic field is said to 
be uniform or homogeneous when it has at every point the same 
direction and intensity, otherwise, it is said to be non-uniform or 
non-homogeneous. The earth's magnetic field is in many places 
sensibly uniform throughout a room. The magnetic field sur- 
rounding a magnet is non-uniform. The magnetic field surround- 
ing an electric wire is non-uniform. 

36. Direction and intensity of the magnetic field svrrounding on 
Isolated magnet pole. — Consider the poles of two m^nets of 
which the strengths are M and m, respectively, as shown in 

*Tbis statement refers to the case in which the Reld is UDiform, u will be seen 
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Fig. 32. The force F with which the pole M repels the pole 
m is given by equation (15), namely, F^Mtnfr*, but the force 
which acts upon the pole m is equal to inff where fl is the 




intensity at m of the magnetic field which is due to the agent 
which is exerting the force on m, that is, where H is the inten- 
sity of the field at m due to M. Therefore mff^F^MM/r', or 

in which If is the intensi^ in gausses of the magnetic field at a 
point distant r centimeters from an isolated magnet pole of 
which the strength is M. In the neighborhood of a north pole 
the magnetic field is directed away from the pole and in the 
neighborhood of a south pole the magnetic field is directed 
towards the pole. This b evident when we consider that the 
direction of the field is indicated by the direction in which a com- 
pass needle would point, arrow-head being supposed to be on 
the north-pointing pole of the needle. 

37. Representation of nu^nettc field intensity at a point by 
means of a line. — The magnetic field intensity at a point, like 
the velocity of a fluid at a point, may be represented by a line 
drawn in the direction of the field at the point, the length of the 
line being such as to represent the intensity of the field at the 
point to a convenient scale. 

Compositwn of magnetic fields. — Consider two agents which 
acting singly produce mimetic fields whose respective directions 
and intensities at a point / are represented by the lines 1 and 2 
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in Fig. 33tf. These two agents acting together produce a mag- 
netic field at p which is represented by the line 3 which is the 
resultant of 1 and 2. 

Resolution of a magnetic field into components. — Consider a 
magnetic field whose direction and intensity at a point /, Fig. 





33*, is represented by the line R. It is often convenient to con- 
sider that part of the field which acts in a given direction ; thus, 
H, Fig. 33^, is called the horizontal component of R, and V 
is called the vertical component of R. 

38. Ifagnetlc flux. — Let a (expressed in square centimeters) 
be an area at right angles to the velocity of a moving liquid and 
let V (expressed in centimeters per second) be the velocity of 
the liquid. Then av is the flux of the liquid across the area in 
cubic centimeters per second. Thus, if v is the velocity of 
liquid in a pipe and a is the sectional area of the pipe, then av 
is the number of cubic centimeters of liquid discharged per 
second by the pipe. 

Similarly, the product of the intensity H oi a magnetic field 
and an area a at right angles to H is called the magnetic flux 
across the area ; that is, 

<b = aH (18) 



OSS an area of a square centi- 
i magnetic field of which the 



in which $ is the magnetic flux acr 
meters which is at right angles to i 
intensity is H gausses. 

Representation of the magnetic flux across an area by the number 
of lines of force which pass through the area. Imagine a surface 
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drawn across a magnetic Held, the surface being at each point at 
right angles to the field. Of course, this chosen surface will be 
curved if the lines of force are not parallel straight lines, which, 
in general, they are not. Imagine lines of force drawn through 
the field so that the number of lines which pass through each 
square centimeter of this surface is equal to the intensity of the 
magnetic Beld at that part of the surface. Then the magnetic flux 
passing through any area anywhere in the field will be equal to 
the number of these lines that cross that area. The unit of flux 
(that is, the flux across a square centimeter at right angles to a 
field of which the intensity is one gauss) is therefore called the 
hne of force or simply the line, and a m^netic flux is usually 
specified as so many lines. The name maxwell has, however, been 
internationally adopted as the name for the unit of magnetic flux. 
39. Total magnetic flax emanating from a magnet pole of strength 
M. ProposUion. — The number of lines of force (the number of 
maxwells of flux) which emanate from a m^net pole of strength 
.^is 

* =■ 4,irM (19) 

Procf. — Imagine a spherical surface of radius r drawn with 
the pole M at its center, as rep- 
resented by the dotted line in Fig, 
34. The area of this spherical 
surface is <^in^ (neglecting the 
small portion of the sphere which 
falls inside of the material of the 
slim niagnet at the point S) ; the 
magnetic field at the spherical 
surface due to the pole M is 
everywhere at right angles to 
the surface, and its intensity is ev- 
erywhere equal to Ml^, according to equation (17). Therefore, 
according to equation (18), the magnetic flux * across the spher- 
ical surface is equal to ^m^ times J//^', which is equal to ^irM. 
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General relation between pole strength and flux. — A magnet 
pole may be defined as a place where magnetic lines offeree pass 
from iron into air (north pole) or from air into iron (south pole). 
A piece of iron may be magnetized 
so that the magnetic flux does not 
pass out of the iron. In such a 
case, there are no magnetic poles. 
Thus, the iron ring shown in Fig. 
35 has no magnetic poles when it 
is magnetized by a current flowing 
through the winding of wire. 

Therelation between pole strength 
and magnetic flux which is given in 
equation (19) is entirely general ; 

47I7M lines of force emanate from any north pole of wMch the 
strength is m, whatever the shape and size of the pole may be ; 
and ^irm lines of force converge upon any south pole of which 
the strength is m. 

M. Uagnetic field In the neighborhood of a long slim pole. — 
Consider a long slim magnet having one of its poles spread uni- 
formly over / centimeters of its end, as indicated by the shaded 
area in Fig. 36. 

The lines of force emanate from this uniformly distributed pole 
in planes at right angles to the axis of the rod as indicated by 

, I etntbnettn 



the fine lines in Fig. 36, and the intensity H of this field at i 
point distant r centimeters from the axis of the rod is 
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H- 



(20) 



in which «// is the pole strength per unit length of the shaded 
area in Fig. 36, and H is the field intensity in gausses at a point 
r centimeters from the axis of the rod. 

Proof. — Imagine a cylindrical surface of radius r to be drawn 
with its axis coincident with the axis of the rod, as shown by the 
dotted lines in Fig. 36, The area of this cylindrical surface is equal 
to 2irrl, and, inasmuch as the magnetic field at this cylindrical sur- 
face is everywhere at right angles to it and everywhere the same 
value, the magnetic flux through this cylindrical surface is equal to 
2Trrly.H according to equation (18). This is the total magnetic 
flux emanating from the pole, and it must be equal to ^.irm 
according to equation (19), so that we have 2ifrlH = iprm* 
whence Ha^ifnjrl. In this discussion the non-uniformity of 
the magnetic field near the ends of the long slim pole is ignored; 
in fact, the eflfect of this non-uniformity is negligible if r is small 
in comparison with the length / of the slim pole. 

The above formula expressing the field intensity at a distance 
from a long slim pole applies also to the case of the pole which is 
distributed along the edge of a steel ribbon which is magnetized 
crosswise as shown in Fig. 37. In this case, however, the 




actual magnetic field at any given point / is the resultant of the 
fields due to the poles along both edges of the strip. 
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41. BehavitH' of a magnet ia a uidfonn magnetic field. — A bar 
of steel weighs the same before and after being magnetized 
(earth's field being uniform), and the fiber by which a magnet is 
suspended hangs vertically (earth's field being uniform). Any 
force tending to produce translatory motion of a magnet would 
cause it to weigh more or less after magnetization than before, 
or would tend to cause a suspending fiber to be out of plumb. 
Therefore the forces with which the uniform magnetic field of the 
earth acts upon a magnet do not tend to produce translatory 
motion, the force which acts on the north pole of the magnet is 
equal in value and opposite in direction to the force which acts 
upon the south pole of the magnet, as indicated in Fig. 38, and 
therefore the poles of the magnet are equal in strength and 
opposite in sign. 

Consider a magnet of length / placed in a uniform magnetic 
field of intensity H, the angle between the axis of the magnet 
and the direction of the 
field being 8, as shown in 
Fig. 38. The poles of the 
magnet are acted upon by 
the forces + mH and — 
mH, respectively, the mo- 
ment of each of these forces 
about the center of the 
magnet is equal to mH y. I/2 x sin 0, and both of these moments 
tend to turn the magnet in the same direction. Therefore the 
total torque T tending to turn the magnet into the direction of 

the field is 

T=—mlHsmB (21) 

The negative sign is chosen simply for the reason that the torque 
tends to reduce B which may be considered as a positive angle. 
This equation expresses the torque in dyne-centimeters. When 
the angle is equal to zero or 180°, the torque T is zero and 
the forces + mH, — mH have no tendency to turn the magnet, 




Pit. 36. 
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that is to say, the magnet is in equilibrium. This equilibrium is 
stable when the north pole of the magnet points in tlie direction 
of the magnetic field {6 equal to zero), and it is unstable when 
the south pole of tlie magnet points in the direction of the mag- 
netic field (p equal to i8o°J. 

If the angle 6 is never large in value then (in radians) 
may be written for sin B in equation (2 1) giving 

T=-mlHe (22) 

This equation shows * that a suspended magnet when started will 
perform harmonic vibrations about its axis of suspension in such 
a manner that 

'^-nUH (.3) 

in which K is the moment of inertia of the magnet about the 
axis of suspension, and / is the period of one complete vibra- 
tion. This equation is not even approximately true if reaches 
lai^e values, that is, if the amplitude of the oscillations of the 
magnet is large. 

42. Gauss's method for measming the horizontal component of 
the earth's magnetic field. — A method was devised by Gauss in 
1850 for determining the value of the horizontal component of the 
earth's magnetic field. The details of this method are described 
in Chapter X, 

43. Behavior of & magnet In a non-nnlform magnetic field. — 
The forces which act upon the poles of a magnet in a non-uni- 
form magnetic field tend in general to turn the magnet and also 
to impart to it a motion of translation, because the force which 
acts on the north pole of the magnet is in general not opposite 
in direction and not equal in value to the force which acts on the 
south pole of the magnet ; that is, the field at the north pole of 
the magnet is in general different in intensity and in direction 
from the field at the south pole of the magnet This is shown 

*See discDssion orbanaonic motion '\o aay good tiealisc on elementary mechaaics. 
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in Fig. 39 where a small magnet is placed in the non-uniform 
field near the pole of a large magnet. The forces F and F' 
are different in value and not opposite in direction. 

The attrtKtitm of a 
pardcle of iron by a 
magnet depends in the 
first place upon the mag- 
netization of the particle 
of iron and in the sec- 
ond place upon the non- 
umformity of the mag- 
netic field in which the 
magnetized particle finds 
itself, that is to say, the 
particle of iron becomes 
a magnet and its two poles are acted upon by unequal forces 
on account of the non- uniformity of the field. 




The magnetic field near a fiat-ended magnet pole is approxi- 
mately uniform (lines of force parallel straight lines) as shown in 
Fig. 40 ; near the sharp comers of the pole, however, the field is 
distinctlynon-uniform (lines of force diverge strongly). Therefore 
particles of iron are not perceptibly attracted by the flat-face of the 
pole whereas the sharp comers of the pole attract particles of iron 
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very strongly. This is shown very strikingly by passing the flat 
end of a magnet pole over a table on which a very few iron fihngs 
have been placed, the filings are all caught by the comers of the 
pole. 

The lines of force in the neighborhood of a sharp-pointed mag- 
net pole divei^e very greatly indeed as shown in Fig. 41, that is 
to say, the magnetic field in the neighborhood of the point is non- 
uniform to a high degree, and 
f HATiRUL such a mz^net pole has a 
I strong attraction for small 

particles of magnetic material. 
A pointed magnet pole is an 
/ i essential feature of the mag- 

HUHtno / - "oH-i«o»nio ^^^^ o'^ Separator, the action 
■ATHUM./ I M*TtiH»L ^f ^jjjcij jg shown ixi Fig. 42, 
; i I The crushed ore falls in a thin 

stream before a pointed, or 
wedge-shaped, magnet pole. 
The particles of magnetic material are attracted by the pointed 
pole and thus deflected, while the non-magnetic material falls 
straight downwards. 

Surgeons sometimes make use of a pointed magnet for remov- 
ing particles of iron or steel from the eye. 

a. Tension and energy of the magnetic field. — Consider the 
opposite poles of two magnets as shown in Fig. 43. Their force 
of attraction is due to the tension of the magnetic field, the ten- 
sion of the lines of force as it is sometimes called. The lines of 
force of the magnetic field also push each other apart sidewise. 
This sidewise push of the lines of force on each other is evident if 
we consider that the lines of force in Fig. 43 are curved so that 
they must exert a side force if they are under tension. 

When the two magnet poles in Fig, 43 are allowed to move 
nearer together, their force of attraction does mechanical work, 
and the mechanical work thus obtained comes from the m^netic 
field ; that is to say, a magnetic field represents a store of energy, 
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and when a magnetic field is reduced * in extent (volume) or in 
intensity, a portion of its energy is transformed. 

A simple discussion of the tension and energy of the magnetic 
field cannot be based on an arrangement like Fig. 43 because of 
the non-uniformity of the field. Consider one end of a very 
broad flat strip of magnetized steel, as shown in Fig, 44, and let 



us assume that the total pole strength m is spread uniformly over 
ike end of the strip'^ as indicated by the shading in the figure. 

* When the two poles m Fig. 43 move nearer together the intensit; of the inler- 
TeniDg field is incieased id some parts lod decreased in other ports. 

fThe fuadunental relatioDS involved in the study of electricity and magnetism majr 
be established in a comparatively simple way by assuming simply geometrical forms and 
distributions. Thus, the formula eipreising Ihe magnetic field intensity in the neigh- 
borhood of a magnet pole is extremely complicated unless the pole be assumed to be 
COoceotrated at a pinot, or to be spread uniformly over a certain length of a rod, or to 
be spread uniformly over a certain plane area. The formula expressing the intensity 
of a magnetic field in the neighborhood of a wire carrying an electric current is 
extremely complicated unless the wire be simple in shape. Thus, the formula express- 
ing the intensity of a magnetic field in the neighborhood of a long straight wire is very 
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Magnetic lines of force emanate from both faces of the polar area 
s as shown in the edge view in Fig. 44, and the magnetic field on 
each side of the flat pole is a uniform field (except, of course, near 




WVvv^ 



the edges, but the polar area is assumed to be so large that the 
edge complications may be ignored). Let I/^ be the intensity 
ofthisfield. Then /f^s* is the magnetic flux passing out from the 
polar area on each side, 2/fjS is the total flux emanating from 
the pole, and this must be equal to 4-jrm according to Art. 39, 
so that we find : 

2Trm 



/T, =.- 



(0 



Consider two similar flat magnet poles AB and A'B' placed 
side by side as shown in Fig. 45, one being a north pole and the 
other a south pole, as indicated in the figure. Consider the mag- 
ample. These simple modes of distribution of magnet pole, and long straight wires 
carrying electric currenls are ne^er met with as actual fects, but they are possible and 
therefore legitimate as starting points for the development of simple mathematical 

* This expression ignores the non-unifbnnity of the Geld near the edges of tbe flat 
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netic field which is due to A£, its intensity is equal to zirmfs 
throughout the whole region occupied by the pole A'B', ac- 
cording to equation (i), and therefore the force which is exerted 
upon A'B' is equal to the product of the strength of A'B' 
and the intensity of the field due to A£, whence we find : 



27r»i* 



(24) 



A>P<J« 



in which F is the force in dynes with which the two poles in 
Fig. 45 attract each other. It is noteworthy that this force is 
independent of the distance d, provided 
the distance el is small in comparison 
with the length and breadth of the polar 
areas AB and A'B'. 

To find the intensity of the field in the 
region between the fiat poles in Fig. 4$. — 
The north pole AB, Fig. 45, tends to 
produce in the region RR a uniform mag- 
netic field directed towards the left, of 
which the intensity is 2'jrmjs, whereas 
the south pole A'B' tends to produce in 
the region RR a uniform magnetic field 
directed towards the right, of which 
the intensity is 2irmfs, and the net re- 
sult is that the magnetic field intensity 
in the region RR is zero, or, in other 
words, no lines of force traverse the re- 
gion RR. In a similar manner it can be shown that no lines of 
force traverse the r^ion R'R'. In the region between AB and 
A'B' each magnet pole tends to produce a magnetic field towards 
the right of which the intensity is 2wmjs, so that the actual in- 
tensity /f of the field between AB and A'B' is 




Fit. 45. 



H= 



^irm 



(25) 
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The arrangement in Fig. 4^5 is equivalent to the arrangement 
shown in Fig. 4.6. — -In the arrangement shown in Fig. 45 the 
magnetic flux which crosses from AB to A'B' comes up 
through the steel at C and goes down through the steel at D. 
Figure 46 shows the flat ends of two massive steel or iron bars 
which are magnetized so that the face of one bar is a north pole 



FlE. 4&. 

and the face of the other bar is a south pole as indicated. In this 
case, the magnetic flux comes up to the polar areas through the 
steel at C and D, Fig. 46. The two magnet poles in Fig. 46 
act on each other in the same way as the two magnet poles in 
Fig- 45, and equations (24) and (25) apply to both figures. 

Tension of the lines offeree. — The force attraction of the two 
poles in Figs, 45 and 46 is due to the tension of the lines of force. 
It is desirable to express this tension in terms of the field inten- 
sity, and for this purpose the force of attraction of the two poles 
must be expressed in terms of the field intensity between them, 
instead of being expressed in terms of the strengths of the two 
poles, as in equation (24). The strength of each pole may be 
expressed in terms of the intensity of the field between the poles 
by solving equation (25) for m. This value of m may then be 
substituted in equation (24), giving 



F = 



sH* 



(ii) 
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Dividing both members of this equation by the sectional area of 
the region between poles in Figs. 45 and 46, we get the force per 
unit area which is transmitted across the region, or in other words, 
the tension of the magnetic field. Therefore 



}=£■ (-) 



djQes per sqoare ceudmeter 

in which H is the intensity of the field in gausses. 

Energy of the magnetic field, — If the magnet poles in Fig. 45 
or 46 are allowed to move together, their force of attraction will 
do an amount of work, W^Fd, where d is the initial distance 
apart of the two pole faces, and the mechanical work thus gained 
comes from the magnetic field that existed in the air space. 
Therefore, using the value of F from equation (ii) we have 

W = Fd = IPsdl^ir 
but sd is the volume of the region between the poles, so thi^ 
Eoecfty of a msgnetic field in 1 H 



ei^s per cabic 



X (-) 



45. The magnetization of iron.* — 'When a piece of iron or other 
magnetic substance, such as cobalt or nickel, is placed in a mag- 
netic field, it becomes a magnet. For example, a neutral or 
unmagnetized bar of iron or steel when held in the direcdon of 
the earth's magnetic field shows north polarity at one end and 
south polarity at the other end (the polarity of the bar may be 
indicated by a compass needle). If the bar is turned end for end 
its magnetism is reversed, A shaq:) blow with a hammer renders 
the bar more susceptible to the influence of the weak magnetic 
field of the earth. This action of a magnetic field upon iron is 
called magnetization. 

When a piece of iron is placed in a magnetic field the trend of 

* For a full discussion of the theoiy of the ma^etizatioD of iron the student is re- 
ferred to Franklio and Esty's Ehmmis of EU;trical Engineering, Vol. I, Appeodix 
A ; to J. A. Ewing's Magnetic Induction in Iron and Other Metals, London, I900 ; 
and to H. DuBois' Magnttic Circuit in Thtory and Practice, translated hj Atkinson, 
New York, 1896. 
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the lines of force in the field is greatly altered ; in fact, the field 
becomes the resultant of two fields, namely, the original field and 



the field due to the piece of iron which has become a magnet. 
Thus, Fig. 47 shows the effect of a small piece of iron upon the 



magnetic field between two flat-ended magnet poles. In the ab- 
sence of the iron the field is as shown in Fig, 48. The effect of 
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a piece 01 iron in a ms^netic field is always such as to suggest 
that "iron is a better carrier of lines of force than air." The 
lines of force tend to converge into the iron and pass through it 
Magnetic screening. — A shell of soft iron forms a very effec- 
tive screen which protects the region inside of the shell from the 
action of outside magnetic influences. The lines of force, which 
would pass through the region occupied by the shell if the shell 
were not present, pass into the iron and tend to flow around 
through the shell and pass out on the other side without crossing 
the region inside of the shell. This screening effect has been 
used for the protection of watches against magnetic disturbances 
by providing the watch with a thick case of soft iron, 

Nefe. — The region snrroundiDg a mapiet is a magnetic field, it magnetizes an; 
piece of iron in the Deighborhood, and the piece oT iron is then attracted by the 

nu^et. 

46. Resldaal magnetism. Penuaneiit magnets. — An iron rod 
retains much of its magnetism when it is removed from a mag- 
netic field in which it has been magnetized ; or in case of an elec- 
tromagnet, when the magnetizing current is reduced to zero. 
Long slim bars retain a greater portion of their magnetism than 
short thick bars, because of the fact that in short bars the poles 
of the magnet are closer together and produce of themselves a 
strong demagnetizing field along the bar. The m^nctism which 
is thus left in a bar of iron or in an electromagnet is called resid- 
ual magnetism. Long slim bars of annealed wrought iron may 
retain in this way as much as 90 per cent, of their magnetism, 
but a very weak demagnetizing field or a very slight mechanical 
shock is sufficient to cause such a bar to lose its residual mag- 
netism almost completely. Cast iron, hard drawn iron wire and 
mild steel retain a smaller portion of their magnetism but with 
greater persistence, and hardened steel bars retain a portion of 
their mj^netism very persistently even when roughly handled. 
Magnetized bars of hardened steel are called permanent magnets. 

Aging of permanent magnets. — A freshly magnetized bar of 
hardened steel loses a portion of its residual magnetism rapidly 
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when it is subjected to mechanical shocks or to changes of tem- 
perature. After the residual magnetism has been reduced in this 
way, a remainder is left which decreases but little with repeated 
mechanical shocks and changes of temperature, and the magnet 
is said to be aged. Permanent magnets for use in electrical 
measuring instruments are always subjected to an aging process 
Y^hich consists, usually, in placing the magnet repeatedly in hot 
and then in cold water, and in subjecting it to a series of slight 
mechanical shocks. 

Demagnetization. — When iron is heated to bright redness it 
loses its magnetic properties. Thus, red hot iron is not attracted 
by a magnet. When a magnetized bar of steel is heated to 
bright redness its magnetization disappears and the bar, upon 
cooling, is found to be completely demagnetized. 

Any piece of iron or steel may be completely demonetized by 
the following operation : Place the piece of iron or steel in a coil 
of wire through which a strong electric current is flowing. Re- 
verse the current repeatedly and at the same time slowly reduce 
its value to zero. This operation is called demagnetization by 
reversals. A watch which has been disturbed by a strong mag- 
netic field is usually demagnetized by this process. 

47. Intensity of magnetizatlaii. Magnetic saturation, — Let m 
be the strength of the magnetic pole at the end of an iron rod of 
which the sectional area is s square centimeters. The ratio mjs 
is called the intensity of magneUzaUon of the rod. When an 
iron rod is subjected to a stronger and stronger magnetizing field, 
its magnetization becomes more and more intense and approaches 
a definite limiting value beyond which it cannot be magnetized' 
however strong the magnetizing field may be. The iron rod is 
said to approach magnetic saturation as it approaches this limit- 
ing intensity of magnetization. The limiting value of mjs is 
about 1,730 units of pole per square centimeter of section for 
wrought iron, about 1,600 for mild steel, about 1,310 for cobalt, 
and about 540 for nickel. Permanent magnets of hardened steel 
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have at the utmost about 800 units pole per square centimeter 
of section. 

48. The moleculai theory of the m^netizatlon of iron. — When 
a m^net is broken in pieces', each piece is found to be a complete 
magnet having a north pole and a south pole. This fact sug- 
gests the possibility that each molecule of iron may be 4 magnet. 
Indeed, the hypothesis that each molecule of iron, or any sub- 
stance capable of being magnetized, is a pennanent magnet leads 
to a very useful conception of what takes place in a bar of iron 
when it is magnetized. 

Explanation of magnetisation. — In unmagnetized iron or steel 
the molecular magnets are thought of as pointing at random in 
all directions, thus neutralizing each other. When the iron or 
steel is placed in an intense magnetic field, the molecular mag- 
nets are turned with their axes parallel to the field, their north 
poles all in one direction, and the iron or steel is completely 
magnetized or saturated. If the magnetizing field is weak the 
molecular magnets are only partially turned and the iron is only 
partially magnetized. 

Explanation of retention of magnetization. — • A bar of iron 
which is strongly magnetized, does not return to its original 
state when the magnetizing field ceases to act. This is analo- 
gous to the production of a permanent set when an imper- 
fectly elastic substance is greatly distorted. This persistence of 
a portion of the laagnetization in a strongly magnetized bar may 
be ascribed to a friction-like opposition to the rotation of the 
molecular magnets. In annealed iron this friction is small, in 
hard drawn iron wire it is greater, and in hardened steel it is very 
great. Mechanical vibration and rise of temperature both act as 
if to decrease this frictional resistance, thus enabling a given 
magnetizing field to produce more intense magnetization and 
causing the residual magnetism to disappear. 

Behavior of iron and steel when subjected to slight changes of 
magnetisation. — When a bar of iron or steel is placed in a weak 
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magnetizing field, it returns almost completely to its initial con- 
dition when the weak field ceases to act, A bar of iron 
oi steel, which is placed in a strong magnetizing field, re- 
turns almost completely to its initial condition when the field 
is slightly increased and then decreased again. That is, a bar 
of iron or steel exhibits a kind of magnetic elasticity. This 
action is espcdally prominent in hardened steel. Thus, a small 
magnet ns. Fig. 49, is repelled by the strong north pole N 
of another magnet. But when the small magnet is brought very 
near to N, as shown in Fig. 50, its magnetism is reversed and 

I FH. 49. FlB. 50. 

it is attracted by N, and then, if the reversal of magnetization 
of ns has not been carried too far, it will be found to be again 
repelled by A'' when it is removed to the position shown in 
Fig. 49. This shows that the magnetism of ns after having 
been actually reversed by the field near N returns approxi- 
mately to its initial value when this reversing field ceases to act 
This is analogous to the following : A flat steel spring is fixed in 
a vise and bent sufficiently to give it a permanent set to the left, 
a force is then exerted on the rod bending it to a slight extent to 
the right and when this force ceases to act, the rod again takes 
on its "permanent" bend to the left. 

Ewing's theory. — The apparent frictional and elastic opposition 
to the turning of molecular magnets may both be ascribed to the 
mutual action of these molecules as magnets. This was first 
pointed out by Ewing* who constructed a model consisting of a 
laige number of small magnets supported on jewels and pivots 
and arranged on a board. When this system of magnets is sub- 
jected to the action of a weak magnetic field, each magnet is 
slightly turned, and every magnet returns to its initial position 

• See Phihiophical Magatine, series 5, Vol. 30, page 205, 
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when the field ceases to act If the field is increased in intensity 
more and more the magnets turn more and more until the con- 
figuration of the system becomes unstable, when the magnets 
suddenly fall, as it were, into a new configuration.* If now the 
field is slowly reduced in intensity the magnets tend to persist in 
their new configuration. 

49. PaiainaEnetic snbataiiCM and dianugnetlc BnbBtailces. — Cobalt and nickel 
■re similar to iron in their magnetic properties except that the limit or saturatioii value 
of their intensity of magnetization is not so great. Many other substances, such as 
manganese, chromiam, platinum, and oxygen, show similar properties but lo a lesser 
degree. Sucb substances are said to be fiaramagneHc, or amply magnttic. Do the 
Other hand, substances sucb as bismuth, antimony, zinc and lead, when they are near 
& magnet, are magnetized in such a way as to be repelled f by the magnet. Such sub- 
stances are said to be diamagaitic. 

Paramagnetic substances are better carriers of lines of force than air and diam^- 
netic substances are poorer carriers of magaelic lines of tbrce than air, that is to say, 
when a paramagnetic Substance is placed in a magnetic field the lines of force coDverge 
towards it and pass through it, and when a diamagcetic substance is placed id a mag- 
netic field tbe lines of force tend to spread out and go round it. 

A paramagnetic substance when placed in a non-uniform magnetic Beld is drawn 
towards the region where the field is most intense, whereas a diamagoetic substance 
when placed in a non-uniform magnetic field is drawn towards tbe regioo where the 
field is least intense. This bebavioi of a diamagnetic substance in a non-uniform 
field may be shown by sospeoding a very small bar of bismuth between the pointed 
poles of a strong electromagnet. If the suspending fiber is sufficiently flexible the bar 
of bismuth sets itself at right angles to the lines jcrining the two pointed poles.]; 

•A group of magnets mounted on pivots may be in equilibrium in a great variety 
of conGgDTBtions. 

t See note in Art. 45, page 83. 

\ A bar of bismuth tends to place itself parallel to tbe lines of force in the uniform 
magnetic field the same as a bar of iron. This apparently similar property of bbmuth 
and iron may be explained as follows ; If a bar of iron (or bismuth) were magnetized to 
the same degree irrespective of its direction in a uniform field, it would stand indif- 
ferently in any position, but as a matter of fact, an iron rod is more strongly magnetized 
wbeo it is parallel to a magnetic field than when It is at right angles to the field, 
becandc of tbe demagnetizing action of the free poles on the rod, and the result is that 
the rod talces up tbe position in which it is most strongly magnetized. On the other 
hand, the effect of the ftee magnetic poles on a rod of a diamagnetic substance is lo 
increase the negative magnetization, so that the negative magnetization of a rod of 
bismuth is least wheo it is parallel to the magnetic field in which it is placed. A rod 
of iron lends to place itself in the direction in which it is most strongly magmtiwd by 
the field, and a rod of bismutb tends to place itself in the direction in which it is Itast 
strongly magneliied by the Geld, and in each case this position is parallel to the lines 
of fOTce if the field is unifonn. 
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IVeier't Ihtmy of diamagmtism. — A mass of copper neu the end of <m iron rod 
bo electric ciutcdIs induced in it when the iron rod is suddenly mBgnetized, tud as 
long as this cnirenl continaei to flow in the copper, the copper is strongly repelled by 
the magnet, the linei of force from Ibe magnet tend to spread out and pass around 
the copper. The electrical resistance of the copper, however, very soon stops the 
induced current and then the strong repnlsion ceases. The diamsgnetic property of a 
substance has been explained by Weber on the hypothesis that the molecules of the 
substance are perfect electrical conductors so that peirnauent electrical currents are 
induced in the molecules when the substance is brought near a magnet. 

Problems. 

60. Two permanent magnets i centimeter x J centimeter x 30 
centimeters long are magnetized to an intensity of 7CX) units pole 
per square centimeter of sectional area, (a) Calculate the strength 
of each pole. {*) Calculate the force with which the north pole 
of one rod attracts the south pole of the other rod when the poles 
are at an approximate distance of 10 centimeters from each other. 
Ans. {a) 350 units pole. {S) 1,225 dynes. 

Note. — In this and the succeedibg problems assume the poles of the magnel to be 
concentrated at the center of the ends o( the bars. The intensity of magnetisation of 
an iron rod is (he strength of pole on one end divided by the sectional area of the rod. 
See Art. 47. 

61. The two magnets specified in problem 60 are arranged as 
shown in Fig. 51. Find the total force with which one magnet 
acts upon the other. Ans, — 227.39 dynes (attraction). 
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62. The two magnets specified in problem 60 are arranged a.s 
shown in Fig. 52. Find the total force with which one magnet 
acts on the other. Ans. + 507.8 dynes (repulsion). 

68. A magnet i by J by 40 centimeters long having 800 units 
pole per square centimeter of sectional area is laid across one of 
the magnets specified in problem 60, as shown in Fig. 53. Find 
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the total force with which one magnet acts on the other. Ans. 
5,376 dyne-centimetera of torque tending to turn magnets as 
shown by arrows in Fig. 53. 

64. The two magnets specified in problem 60 are hung from a 
balance beam as indicated in Fig. 54. Assuming that the mag- 
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nets exactly balance each other brfore they are magnetized, find 
the number of grams which must be added to one pan to balance 
the magnets after they are magnetized and specify to which pan 
it must be added. Ans. 0.715 grams must be added to the 
left pan. 

65. Determine the intensity If of the magnetic field at a 
point fi distant 18 centimeters from one pole and 24 centimeters 
from the other pole of one of the 
magnets specified in problem 60, and j 
determine the value of the angle 0, 
as shown in Fig. 55. Ans. U = 1.24 
gausses, = 203° 46'.S. 

66. The intensity of the earth's 
magnetic field at Washington i 
gaasa and its dip is 62°. Find its 

horizontal and vertical components. Ans. /f= 0.272 gauss, 
V=^ 0.512 gauss. 

67. Find the direction and intensity of the resultant magnetic 
field at a point 30 centimeters due magnetic north of an isolated 
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north pole of 600 units strength at Washington. Ans. 1.07 
gausses, north, and dipping at tan~' 0.5452 {28''36') below the 
horizontal. 

68. Find the distance and direction from the magnet pole 
specified in problem 67 to the point at which the resultant field 
is zero. Ans. 32.16 centimeters, south, and elevated 62° above 
the horizontal. 

69. A room 6 meters long by 5 meters wide by 3 meters high 
has its longest dimension magnetic north and south. The inten- 
sity of the earth's field in the room is 0.62 gauss and the dip is 
72°. Find the number of lines of magnetic flux across each of 
the walls, the ceiling, and floor of the room and specify in each 
case whether the flux is passing out of the room or into the room. 
Ans. East wail, o ; west wall, o ; north wall, 28,740 maxwells 
out ; south wall, 28,740 maxwells in ; ceiling, 176,900 maxwells 
in ; floor, 176,900 maxwells out. 

70. The pole face of the field magnet of a dynamo has an area 
20 centimeters by 30 centimeters. The magnetic field between 
the pole faces and the armature core is perpendicular to the pole 
face at each point and its intensity is 6,000 gausses. Calculate 
the number of lines of force which pass from the pole face into 
the armature core. Ans. 3,600,000 maxwells. 

71. Calculate the number of lines offeree which emanate from 
the north pole of one of the magnets specified in problem 60. 
Ans. 4,400 maxwells. 
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78. A very long steel ribbon of which the thickness is o. i cen- 
timeter and the width is 30 centimeters is magnetized so that one 
edge becomes a north pole and the other edge becomes a south 
pole, as shown in Fig. 56, the intensity of magnetization being 
800 units pole for each square centimeter of section of the steel 
(80 units pole for each centimeter length of edge). Find the in- 
tensity of the magnetic field due to the north polar edge of the 
strip at a point distant 18 centimeters from the edge and specify 
its direction, Ans. 8,89 gausses. 

73. Find the intensity of the resultant field at the point / in 
Fig. 56, Jind determine the value of the angle B, using the data 
given in problem 72. Ans, //« 11. 11 gausses, ^=s 16° 16'. 

74. One of the magnets specified in problem 90 is balanced 
horizontally on a knife edge at Washington. The magnet weighs 
120 grams. Find the horizontal distance from the knife edge to 
the center of the bar taking the acceleration of gravity to be 980 
centimeters per second per second. Use the data specified in 
problem 66. Ans. 0.046 centimeter. 

75. The moment of inertia of one of the magnets specified in 
problem 6c is 9,000 gr.-cm*. Calculate the time of one com- 
plete oscillation of this mi^net when it is suspended horizontally 
at Washington. Ans. 1 1.15 seconds. 

76. A magnet makes one complete oscillation per second in a 
magnetic field of which the intensity is 0.2 gauss. Another 
magnet is twice as long, twice as wide, and twice as thick, it is 
magnetized to twice the intensity (units pole per units sectional 
area) and it is suspended in a field of which the intensity is o.i 
gauss. What is its period of oscillation ? Ans. 2 seconds. 

Nate. — Tbe moment of inertEa of a rotating body is equal to the praduct of the 
massof tbebodjiDtothe aqaareof its radias of gyratioo. GiTen two bodies of exactly 
the same shape, their radii of gyratioo are proportiooal to theii iiaeat dimeD^ons 
whereas their masses are proportional to their volumes, 

77. A suspended magnet makes 20 oscillations in 184.5 sec- 
onds at one place, and 20 oscillations in 215.8 seconds at another 
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place. What is the ratio of the intensities of the horizontal com- 
pcnent of the earth's m^netic field at the two places, and at 
which place is it the more intense? Ans. 1.367. Field more 
intense at first place. 

78. Two flat-ended poles arranged as shown in F^. 46 are 
observed to pull towards each other with a force of 1,500 pounds. 
The steel rods are round with a diameter of 3 inches, [a) Find 
the intensity of the magnetic field in the region between the flat 
poles in gausses, {i) Find the total strength of each pole. Ans. 
(a) 19,170 gausses, (i) 69,570 units pole, 

^alr. — Equation ( i ) od puge 78 expresses that part of the force actioii between 
tbe two poles in Fig. 46 which depends npon the polaritj of the lods alone. If 
the field between the ends of the lods is doe in part (o the direct actioa of the 
magnetiziiig coil, (heo tbe force of altraclion betweea tbe two rods becomes 
i/8)r X {^i* + a/^jA; + Jf,''), where J/, is the field due to the magnetic polarity on 
the ends of tbe rods, and Jf, is tbe field dne to tbe direct action of the magnetiring 
ctrils. Therefore, thistotal force eoQMsts of three parts, namely, sH^l&v, isM^I!,j%it, 
and iH^jZn. Tbe first of these three parts is the force of attraction of the magnetic 
poles on the ends of the rods, and the second and third parts are forces which act in 
part upon the iron and in part upon the coils of wire which are wound upon the iron. 

78. Find the total magnetic energy in the room specified in 
problem 69. Ans. 1,377,000 ergs. 
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CHAPTER IV. 

MAGNETIC EFFECT OF THE ELECTRIC CURRENT.* 

50. The magnetic field due to an electric wire. — The behavior 
of a compass needle in the neighborhood of an electric wire shows 
that the region surrounding an electric wire is a magnetic field. 
The lines of force of this magnetic field encircle the wire. Thus 
Fig. 57 shows the way in which iron filings arrange themselves 



Fie. S7. 

in filaments around a long straight electric wire, the black circle 
at the center of the figure represents a section of the wire, which 
is perpendicular to the plane of the figure. 

The lines of force of the magnetic field due to a circular loop 
or coil of wire are shown in Fig. 58. In general, the lines of 
force of the magnetic field produced by a coil of wire trend in- 
wards toward the opening of the coil at one end, pass through 
the opening of the coil, and spread out at the other end. Thus, 

"Chapter V on Indaced ElectTomotive Force, and Chapter VI on Inductance con- 
slitute continuations of this general subject, [he Magnetic Effect of the Electric 
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a. long coil of wire is exactly equivalent to a magnet in so far as 
its relation to surrounding objects is concerned, lines of magnetic 
force flow out of one end of the coil through the surrounding 
region and into the other end 
of the coil in the same way 
that lines of force flow out 
from the north pole of a mag- 
net through the surrounding 
region and in towards the 
south pole of the ma^^et. 

T/t£ behavior of a magnet in 
the neighborhood of a long 
straight electric wire. — The 
small circles in Figs. 59 and 
60 represent the section of a 
long straight wire in which 
current is flowing towards* 
the reader. Figure 59 shows 
the forces /T^with which the 
magnetic field due to the wire 
acts on the poles of a moder- 
ately long magnet, and Fig. 60 shows the forces FF with which 
the magnetic field of the wire acts upon the poles of a very short 
magnet Thus, a long magnet is drawn towards the wire, 
although the forces acting on each pole are at right angles to the 
dotted lines in Fig, 59, whereas a very short magnet is not per- 
ceptibly attracted by the wire because the two forces FF in 
Fig. 60 are very nearly opposite to each other in direction. The 
north pole of a magnet tends to move around the wire in one 
direction and the south pole of a magnet tends to move around 
the wire in the opposite direction. Thus, the north pole tends to 

* In representing a flow of current towards the reader in tlie section of a wire, a 
dot is used as if one were looking B.t the point of an arrow, and, when representing a 
flow of current away from the reader, a cross is nsed as if one were looking at the 
feathered end of an arrow ; thus, © represents a flow of current towards the reader 
and represents a flow of current away from the reader. 
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move around the wire in a counter-clockwise direction in Figs. 
59 and 60, The direction of a current in a wire may be deter- 
mined by means of the compass, as follows : Bring the compass 

A • 

AZ \y ^ , ^ 



near the wire, and, knowing that the forces which act on the two 
poles of the compass needle are at right angles to lines drawn from 
the poles to the wire, infer, from the observed movements of the 
needle, the direction in which the north-poindng pole of the nee- 
dle tends to move around the wire. TAe direction of the current 
in the wire * is the direction in which a right-handed screw with its 
axis parallel to the wire would travel if the screw is turned in the 
direction in which the north-pointing pole tends to move around the 
wire. 

SI. The composite mimetic field which Is produced when a 
straight electric wiie is stretched across a region which, but for the 
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presence of the electric vlre, would be a unlf onn fi^. — The mag- 
netic field between the flat -ended magnet poles in Fig. 48 is sensi- 
bly unifoim. Figure 6 1 shows the same field modified by the pres- 
ence of a straight electric wire. The small black circle in Fig. 61 
represents the section of the wire and the wire is perpendicular to 
the plane of the figure. The magnetic field in Fig. 6r is due to 
two distinct causes, namely, {a) the two flat-ended magnet poles, 
and {b) the electric wire, and it may therefore be called a com- 
posite field. If the field were due to the wire alone its lines of 




force would be circles as shown in Fig. S7, and if the field were 
due to the flat-ended poles alone its lines of force would be as 
shown in Fig. 48. The trend of the lines of force in Fig. 61 in 
the immediate neighborhood of the wire are more clearly shown 
in Fig. 62 which is from a drawing. 

Side push on an electric wire which is stretched across a uniform 
magnetic field. — The wire shown in Figs. 61 and 62 is pushed 
sidewise by the magnetic field * as indicated by the arrow F in 

* Strictl7, one should perhaps speak of the sde force on the wire ia Figs. 61 and 
62 as due to the two magnet poles, because the two magnet poles constitute the actual 
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Fig. 62. This side force is at right angles to the wire and to the 
magnetic field (Fig. 48) which is acting on the wire. The side 
force which acts upon the wire in Fig. 6 1 may be ascribed to the 
tension of the lines of force. 

Examples. — The simple example of the magnetic effect of the 
electric current which is cited in Art. I and represented in Fig. i 
illustrates the side push of a magnetic field on a wire inasmuch 
as the magnetic field which emanates from the north pole of the 
magnet in Fig. 1 is partly, at least, at right angles to the wire 
AB. The side push on an electric wire in a magnetic field is also 
exemplified in the electric motor. A cylindrical mass of iron A, 
^^' ^3' li^ wires arranged on its surface parallel to its axis, and 



wWVVvi 



^■h\f^ 




the whole is placed between two magnet poles NS, as shown. 
The narrow region between the cylinder A and the poles A' and 
^ is a strong magnetic field, the lines of force of which are radial. 
An electric current is made to flow through the wires in the direc- 
tions indicated by the dots and crosses, and the result is that the 

TJsible agcDt which U Bxting on the vire. It is veiy important, boweier, Out the 
ttndent become fkmiliai with the idea of ■ magoetic field ai ■ physical reality, and to 
•scribe the aide force in Figs 6l uid 6: to the field -wlaclt it produced by tkt twv mag- 
lut pelts puts the whole maltei in the moat iotelligible fonn. 
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wires arc pushed ddewise by the magnetic field causing the 
cylinder A to rotate in the direction of the curved arrow. 

52. Strengtli of current magnetically defined. — Consider a 
straight electric wire stretched across a uniform magnetic field 
of which the intensity is one gauss, the wire being at right angles 
to the field as described in the foregoing article. The force in 
dynes with which the field pushes sidewise on one centimeter of 
this wire iias been adopted as the fundamental measure of the 
strength of the current in the wire. This force-per-unit-length-of- 
wire-per-unlt-field-intensity is called simply t&e strength of the 
current in the wire ; let it be represented by /. The force push- 
ing sidewise on / centimeters of the wire is //, and, if the field 
intensity is H gausses instead of one gauss, the force is H 
times as great, or IIH\ that is, 

F= IIH (28) 

in which F is the force in dynes pushing sidewise upon / centi- 
meters of wire at right angles to a unifonn magnetic field of which 
the intensity is H gausses, and / is the strength of the current 
in the wire. 

DtfinUieH of the atamftre. — A wire DefinitioH of the amptre. — Theunperc 

is Mid to carry a current of one ■bampere is one tenth of an abampeie. 
when one centimeter of [he wire is pushed 
sidewise with a force of one dyne when the 
wire is stretched across a magnetic field of 
which the intensity is one gauss. That is, 
F in equation (28) is expressed in dynes 
when / is eipressed in cenlinielera, H in 
gausses, and / in abamperes. 



In tlie early days of the development of the tbeoiy of electridty and magnetism, 

a great variety of arbitrary units was used. Thus, the resistance of a particular piece 
of wire would be used as a unit of rewstaoce, the electromotive force of a particular 
voltaic cell would be used as a unit of electromotive force, and current values were 
often specified in tenns of the deflections of a particular galvanometer. The introduc- 
tion of a uniform system of nnits was due chiefly to Weber and Gauss in Germany and 
to Maxwell and Kelvin in England. This oniliirm system of anils was based on the 
units already in use in mecbanics, the centimeter, the gram, and the second, and the 
units of this cg.i. system were called absolute units. 
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The electrical nniti which are now almost DDiTcnally emploTcd, the ampere, the 
ohm, the volt, the coulomb, the heorj', and the farad are, however, not the erigtaal 
c.g.s. units, but multiples oi submultiples of them The oiigioal eg s. oniCs as a rale 
have no names. Therefore in this teit the c.g.s, units (of the so-caJled ''electromag- 
netic" system) which correspond Co the ampere, the ohm, the volt, etc., ore dedg- 
nated by the pieiii ab. Thus, wc have the abunpere, the abohm, the abvolt, etc 



Definiiion efihe abehm. — A wire has a 
resistance of one abohm when one erg of 
best is generated in it in one second bj 
a cuirentofone abompeie. When H in 
eqaation(2), Art. is, is expressed in ergs, 
t in seconds, and / in abamperes, then 
S is expressed in abohms. 

Drfinititm of the abvolt. — An electric 
generator has ao electromotive fbrceof one 
abvolt when it delivers one erg per sec- 
ond of power with a current output of one 
abampere [see equation (6), Ait. iS]. 

Thi abvolt may be defined, on the basis 
of Ohm's Law, as an electromotive force 
which is capable of producing a current of 
one abampere through a drcuit of which 
the resistance is one abohm. 



Definition of the ohm. — A wire has a 
esistance of one ohm when one joule of 
leat is generated in it in one second bj a 
lurrent of one ampere. The ohm is equal 
o to* abohms. 



DefiniliimofthivoU. — An electric gen- 
erator has an electromotive force of one 
volt when it delivers one joule per second 
(one vratt) of power with a current output 
of one ampere. The volt is equal to lo* 
abvolls. 

The volt may be defined, on the \xsa 
of Ohm's Law, as an electromotive force 
which is capable of producing a current of 
one ampere Ihioagh a circuit of which the 



Side force on an electric wire which is not at right angles to a 
magnetic field, — When an electric wire is parallel to a magnetic 
field, no force acts on the wire. If the angle between the wire 
and the direction of the field is 8, then the field may be resolved 
into two components If sin and /fcos 0, perpendicular to 
and parallel to the wire, respectively ; the latter component has 
no action on the wire and the former component produces the 
side force 

F= III/ sin (29) 

If the wire is not straight, or if the field is not uniform, then one must consider the 
force action on an element of the wire, and equslion (39) becomes 



AF=/Jf^ne-&1 



(3°) 



in which A/ is a shoit portion, or element, of the wire, ff is the intensity of the field 
at the element, $ is the angle between // and A/, / is the strength of the current 
in the wire in abamperes, and A^ is the force pushing on &l. Thb force is perpen- 
dicular both to jff and to A/. 
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53. ConMbnUon to tlu masiietlc fltid mt a glran point tj on* •lunant of «a 
•ItCtllC wlle. — The region tuiroonding ■□ electric cireoit ii ■ magnetic field and 
e«ch element of the wire which constitutes the circuit maj be considered as contiiba- 
ting its shaie to the field intensity at each point, Imagine a magnet pole of strength 
m to be placed at the point at which it is desired to find the field intensity iff which 
i» produced by • giv«n element A/ of the wire. 

Let r be the distance from m to &/ and 
let 9 be the angle belweeo r and A/, as 
■hown in Fig. 64. The field intensity at the 
element due to the pate is m/r* according lo 
equation {17). The component of this Geld 
which is at right aisles Co the element i* 
m/r* X "" ". "nd this component of the 
field pushes sidewise on the wire with a force 
which is given by 

A/'=/"iinfl.i/ 

according to equation (30). This is the 

force with which the pole m acts on the 

element, and therelbre it is also the force 

(disregarding sign) with which the element 

acts upon the pole. Bnt the foree with which the element acts upon (he pole must be 

eqnal to the product of the strength of the pole and the field inten^Cj at the pole due 

to [he element, that is, 

AJ^= m • A/f 




Aff= 



.M 



(30 



in which iH b the field intensity at the point m in Fig. 64 doe to the element 

A/. This field m is perpendicular to r and to A/. 

/foil. — It is evident from the above discussion that (he magnetic field at a given 
pdnt in the neighborhood of a given coil of wire, or a circnit of any fanD, in which 
an electric current is flowing is proportional to the strength of the curreol, and that 
its direction is filed. That is to say, if the strength of the current is doubled the field 
intensity is doubled everywhere, but the direction of the Geld is everywhere unaltered. 
The trend of the lines of force of the magnetic field due to a given coil or dicuit de- 
pends only upon the shape and size of the coil. 

54. The inteiwity of the magnetic field at the center of a drco- 
lar loop of vlie. — If we can calculate the force with which a cir- 
cular loop of wire with given current acts on a magnet pole of 
given strength placed at the center of the circular loop, we can 
derive an expression for the intensity of the field at the center 
of the loop due to the current, because the force exerted on the 
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pole by the loop of wire must be equal to th« intensity pf the. 
field at the pole due to the loop multiplied by th^-stl-englh of the 
pole according to equation (16). Consider therefore a magnet 
pole of strength m placed at the center of the circular loop as 
shown in Fig. 65. This pole produces a magnetic field of which 
the intensity at the wire is 
mjf^, and which is every- 
where at right angles to 
the wire. Therefore the 
force with which the wire 
is ■ pushed stdewise (per- 
pendicular to the plane of 
the paper in Fig. 65) is 
equal to the product of the 
length of the wire, the in- 
tensity of the field (w/r"), 
and the strength of the '^'*' '"'■ 

current / in the wire in abamperes ; but the length of the wire is 
2irrZ where Z is the number of turns of wire in the loop, so that 
2TrrZ X fnjr' x / is the force with which the wire is pushed 
sidewise by the pole m. ' But, disregarding sign, this is equal to 
the force mH with which the loop of wire pushes on the pole. 
Therefore we have 

«/r= 2TrrZ X -J X / 
from which we obtain 

H= —^ (32) 

SS. lUsnetlc Said In tlta nelghborbood of a long atialslit electric wlte.— 
The lines of force of the magnetic 6eld lurroondiDg a long straigbC electric wire are 
drdet with (heir planei at right angles to the viie and their centers on the axis of (be 
wire, as explained in Art. 50 and as shown in Fig. 57. To derive an expression for 
the intenntf of this Geld at a point distant r centimeters &om the axis of the wire, 
proceed as follows : A long straight wire AB carries a current of / abamperes, 
and a long magnetized steel strip is placed with its north polar edge parallel to AB 
and at a distance of r centimeters from AB as shown in Fig 66. The magnetic 
field due to AB has the same valae all the way along the polar edge I7NNN, as 
is erident from considerations of sTmmetrf , the wire being indefinitely long. Considei 
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Fig. 66. 

* pOTtioa of the poiti edge N^N!^ and a portion of the nire AB etch / ceoti- 
melers in length. The intensity H' ai the magoeCic field at the vire due to the pol« 
NN2^/i^ is equal to im/rl, according to equation (3o), and the wire AB is pushed 
rid«inse by a force J^ which is equal to ly^iy^imjrl, according to equation 
(28), but the force with which the pole jVAW// acts on the wire u equal and oppo- 
site to the foic« mJI (see Fig. 66) with which the wire actson the pole. Therefote, 
ignoring signs, we have mH=.Iiy^2mlrl, whence 

"-'4 (33) 

56. Magnetic field inside of a long solenoid A solenoid is a 

winding of wire on a long tube as shown in Fig. 67, which Is a 
sectional view. When an electric current flows through the wind- 
ing of a solenoid the region inside of the solenoid becomes a 
uniform magnetic field except near the ends of the solenoid as 
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shown by the fine lines in Fig. 6y, and the intensity of this field 
is given by the equation 

I/= 4.trsl {34) 

in which f/ is the intensity of the field in gausses, s is the num- 
ber of turns of wire on each centimeter of length of the solenoid, 
and / is the strength of the current in abamperes. If the current 
is expressed in amperes equation (34) becomes 



1/ 



4ir 



zl 



(35) 



in which H, as before, is expressed in gausses. 

In order to derive equation (34) let us consider the arrange- 
ment shown in Fig. 68 consisting of a long coil having 2 turns 




Fir. 68. 

of wire on each centimeter of its length, with a steel rod pro- 
jecting into it Let us assume tkat the total pole strength m on the 
end of the steel rod is spread uniformly * over a portion of the rod 
of length I, as indicated by the shading in Fig. 68. The lines of 
force emanate from such a long pole in planes at right angles to 
its length as shown in Fig. 68, and the intensity of this field at 
the surface of the long coil \s H'= 2m /rl, according to Art. 40, 
where r is the radius of the solenoid and / is the length in centi- 

* It would be very difBcult indeed to mignetize a rod so u to h>T« its pole spread 
uniformly over a given length of Che end of the rod, especially when the rod projects 
into a solenoid as shown in Fig. 68, because the eiTect of the solentnil is to tend to 
coQCCDtrate the magnet pole at the end of the rod. The assumed distribution of pole 
is, boweTer, a possibility if the current in the solenoid is very weak and therefore the 
assumed distribntion it a legitimate basis for the discossion of equation (34). 
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meters of the portion of the steel rod over which the pole is uni- 
formly distributed. The non-uniformity of the field near the 
ends of the slim pole is negligible if r is small in comparison 
with /. The elTect of this slim pole is therefore to produce a 
radial magnetic field over the whole of a portion of the coil of 
length /. This portion of the coil contains Iz turns of wire, and 
the length of each turn is 2wr so that the total length of wire in 
the region where field is produced by the slim pole is 2-irrlz. 
This wire is everywhere at right angles to the field H* (which is 
due to the slim pole) and it is therefore pushed sidewise by a force 
F-* /x iirrlz X IP, or, using 2OT/r/ for iF , we have 

F^ ^irzlm 
but the force with which the slim pole pushes on the coil is equal 
and opposite to the force with which the coil pushes on the pole, 
and the force with which the coil pushes on the pole is equal to 
the product of the strength of the pole and the field intensity at 
the pole due to the coil. There- 
fore the field intensity inside of 
the coil is equal to ^wzl. 

67. The tangent galvanometer. 
— One of the earliest forms of 
instrument for measuring the 
strength of the electric current 
was the tangent galvanometer. 
It consists essentially of a circu- 
lar coil of wire at the center of 
which a small magnet is sus- 
pended, as shown in Fig, 69^. 
This suspended magnet carries a 
pointer which plays over a di- 
vided circle by means of which the angle through which the 
magnet is turned when a current is sent through the wire may 
be observed. The coil of wire is mounted with its plane vertical 
and magnetic north and south. 
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When no current flows through the coil the suspended magnet 
points in the direction of the earth's horizontal field H' . A cur- 
rent of / abamperes in the coil produces a magnetic field of which 
the intensity at the center of the coil is 
H = zirZIjr and of which the direction at 
the center of the coil is at right angles to 
H'. This field H combines with B' 
give a resultant field R, Fig. 69^, in the 
direction of which the suspended magnet 
now points, being the angle through which 
the magnet is turned by the current. From 
Fig. 69^ we have 




tan^ SB 



or, substituting 2-jrZIjr for H and solving for /, we have 

This equation gives the value of / in abamperes when r is in 
centimeters and H ism gausses, the values of r, H'* and Z 
being known and ^ being observed. 

If / be expressed in amperes, then equation (36*1) becomes 






■kZ 



tan0 



(36J) 



A serious fault in the tangent galvanometer is that the earth's 
horizontal field H' is never known accurately because it is con- 
tinually changing in value. When it is desired merely to measure 
the ratio of two currents, however,. the value of H' need not be 
known (provided it does not change while the following obser- 
vations are being taken). One current /, is sent through the 
galvanometer, and the corresponding deflection ^j is observed, 
giving 

*See Art. 43 uid Chapter X. 
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7.= ^. tan*, (i) 

Then the other current /, is sent through the galvanometer and 
the corresponding deflection 0, is observed, giving 

Dividing equations (i) and (ii), member by member, we have 

/, tan 0, , . 

Figure 70 is a general view of a tangent galvanometer. The 
divisions on the large horizontal circle are not used. 



58. The action of a uniform magnetic field upon a suspended 
coil in which an electric current is flowli^. (17) Simple case of a 
rectangular coil with two of its edges parallel to the field. — Figure 7 r 
represents a rectangular coil of wire suspended between the poles 
-V and .S of a large magnet. Let H be the intensity of the 
magnetic field (assumed to be uniform), let b be the breadth of 
the coil, let a be the height of the coil, and let Z be the 
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number of turns of wire in the coil. The field H is parallel to 
the top and bottom edges, or limbs, of the coil, and at right 
angles to the two side limbs of the coil. The right-handed limb 
of the coil in Fig. 7 1 is pushed forwards (towards the reader) and 
the left-handed limb of the coil in Fig. 71 is pushed backwards 




vdeviev 



Fte-71- 



(away from the reader), and the force in each case is equal to 
Za X H-K I, according to equation (28), / being the strength 
of the current in the coil in abamperes. It is evident that the 
total force action on the coil is a torque tending to turn the coil 
about the axis of suspension ; the value of the torque may be 
obtained by multiplying the force acting on each limb of the coil 
by its lever arm i/2 and adding the two results together, which 
gives 

T= abZIH (38) 

in which T is the torque in dyne-centimeters tending to turn the 
coil and / is the current in the coil in abamperes. 

If the rectangular coil is allowed to turn through an angle 9 
about the axis of suspension in Fig. 7 1 , then only the component, 
H cos 6, of the field will be effective in producing torque as 
shown in Fig. 72, and equation (38) will become 



T~ abZIHcos e 



(39) 
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When the angle $ is equal to 90° (plane of coil at right angles 
to the field //), then the torque is equal to zero. 




(3) Cast of a circalar coij luilh ill plane parallil le the magnetic fiild as shown 
in Fig. 7j. — Id this case let us consider a ^ngle turn of the coil of which the radius 
is r. The Tertical doited line in Fig. 74 represents the s.iis about which the torque b 
to be determined. Consider an clement A/ of the wire. The Component of H 
which is at right angles to A/ is equal to Hcas^, the product ffcosifX ^X^^ 
gives the force pushing fonraids (towards the reader in Fig. 74) on the element 6J, 



too /Ine tKV«MBiv 




^ gives the torque action 01 



and the product of this force times the lever 
the element A/, that is 

A r= //■««* X /X f- s'a * X 'W 

but cos # X ^' is equal to the vertical height A shown in Fig. 74, so that 
r sin f X cos p - A/ is equal to the shaded area shown in the figure. Therefore, rep- 
resenting this shaded area bj &A, we have 
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and, tinet this relation is true fm- every tlemmt of the circular coil, it foHowg thi 
the total torque is eqiul to IH times the total acea A enclosed by the turn of win 



T^AIH 



(40) 



in which 7~ U in dyne-centimeters, / is iu ibamperes, and A is in square centi- 
meters, /T being expressed in gausses. If thecoil has more than one turn of wire, A is 
equal to the sum of the areas of all the turns. Thus, if the coil has four turns of wire 
of which the radii are a, 6, c and d respectively then ,* =; ira* + iri' -|- irf* 4- ffi^'. 




69. The electrodynamometer is an instrument for determining 
strength of an electric current from a measurement of the mutual 
force action between two coils of wire through' both of which the 
current flows. One of these coils is fixed and the other is 
suspended. The magnetic field produced by the fixed coil exerts 
a force upon the suspended coil, and this force, or the movement 
which it produces, is observed. When the coils are very simple 
in shape it is possible to calculate (from geometrical and me- 
chanical data alone) the force action between the two coils for 
a given current, or, conversely, to calculate the value of the cur- 
rent when the force action is observed in mechanical units. 
Such an electrodynamometer is called an absolute eUctrodyna- 
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The simplest absolute electrodyoamometer is that deiiaed by Wtthelm Webei in 
1S46. It consists of B large slaCionarj coil mouoted with its pluie vertical, and a 
small ciicular coil suspeoded at its center by two fine vires. The current / to be 
rs through both coiU. The magnetic field produced by the outer coil at 



Re. 75. 

its center is J/= zsZ'/jr', where Z' is the number of turns of wire in the large 
coil and r* is its radius. This magnetic field eierts a torque T=-^r^Z"IH<xii9 
npoD the small coil, where Z" is the number of turns of wire in the small coil, r" is 
its radius and 9 is the angle between H and the plane of the small cml or, in other 
words, S is the complement of the angle between the planes of the two coils. Sub- 
slituting the value of N=ZJiZ'Ilr' in the eipression for T, we have 

r= p — ■ cos e {41 ) 

This equation permits the calculation of / when Z', Z", r', and r* are known, 
and when T and 6 have been observed. When c.g.s. units are used in equation 
(41), the current is given in abamperes. 

Figure 75 shows a slightlj' modified form of Weber's absolute electrodTnamometer 
in which the small coil is suspended in the approximately uniform field between two 
large circular coils side by side. 

The Siemens dectrodynamometer. — The force action between 
two coils is proportional strictly to the square of the current 
which flows through the two coils whatever the shape and rela- 
tive position of the two coils may be, provided only that the 
relative position of the two coils does not change. Therefore, if 
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the force action between the coils is measured, first for a current 
I' and then for a current /", the ratio /'//" is equal to the 
square root of the ratio of the observed force actions. The elec- 
trodynamometer of Siemens is used for measuring current ratios 
in this way. A general view of this instrument is shown in Fig. 
■j6a. The movable coil B (see Fig. 76^) is suspended by a fine 




Fie. ?6b. 



thread and its terminals dip into two mercury cups which permit 
of its being connected in series with the fixed coil A. When 
current is allowed to flow through the two coils in series, a torque 
is exerted upon the movable coil by the fixed coil, and the helical 
spring b twisted, by turning the milled head, until the movable 
coil is brought to its standard position, as indicated by the 
pointer which is attached to B. The angle through which the 
milled head is turned is indicated by the pointer which is at- 
tached to the milled head, and this angle is a measure of the 
force action between the coils so that this angle is proportional 
to the square of the current, or the current is proportional to the 
square root of the angle. 
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60. The BenaWve galvanometer {Kelvin type). — From the equa- 
tion of the tangent galvanometer, equation (36), it is evident that 
a given current will produce the greatest deflection of the 
galvanometer needle when the number of turns of wire in the 
coil is great, when the radius of the coil is small, and when the 
directing field H' is weak. A galvanometer constructed so as 
to meet these conditions and thus give a perceptible deflection 
for a very small current is called a sensitive galvanometer. Such 
a galvanometer is used chiefly for merely detecting the presence 
of current in a circuit The magnet of such a galvanometer is 
usually suspended by means of a fiber of unspun silk or quartz, 
and, in order that small deflections may be easily detected, a 
mirror is usually attached to the suspended magnet so that the 
angular movement of the suspended magnet may be observed by 
means of a telescope and scale. 

Use of a governing magnet. — In order to secure a weak 
directing field H', the earth's field may be partially neu- 
tralized in the neighborhood of the suspended magnetic 
needle by properly placing a lai|[e magnet in the neighbor- 
hood of a galvanometer. This lai^e magnet is called a 
governing magnet. 
Use of an astatic system of magnetic needles. — Two similar 
"'' ^^' magnetic needles ^5 and SN attached to a rod, as shown 
in Fig. 77, constitute what is called an astatic system. Such a sys- 
tem if suspended in the earth's mimetic field would point indif- 
ferently in any direction if the two magnets were exactly alike 
and exactly opposite in direction. If the two needles NS and 
SN are nearly alike the earth's field will have but a very slight 
ilirecting action upon the system. Such a pair of magnetic 
needles may be suspended with one of its magnets inside of a 
galvanometer coil as shown in Fig, 78, or with its two magnets 
surrounded by two properly connected coils as shown in Fig. 79, 
and the result will be an extremely sensitive galvanometer. The 
design shown in Fig. 79 is due to Lord Kelvin. A galvanometer 
constructed after this design with very short magnetic needles. 
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light connecting rod and mirror, and coils containing many turns 
of fine wire may be made to indicate distinctly a current as small 
as one million-millionth of an ampere (io~" ampere). 
The Kelvin galvanometer may 
be used for the approximate meas- 
urement of very weak currents, be- 
cause the deflection, within a small 
range, is proportional to the cur- 
rent 

61. The sensitive galnuiometer 

(UArsonval type). — A coil sus- 
pended in a magnetic field is acted 
upon by a torque when a current 

ilows through the coil, and the torque is given by the equation 

(38), namely: 

r= abZIH 




as explained in Art 58. If the coil is suspended by fine wires 
this torque will turn the coil more or less, and, in order that the 
coil may be perceptibly turned by a very weak 
current, the suspending wires (which serve to 
lead current to and from the coil) must be very 
fine, the number of turns of wire in the coil must 
be great, and the magnetic field H in which the 
coil is suspended must be intense. In order to 
obtain a quick movement of the coil it is impor- 
tant to have its breadth b moderately small. 
Figure 80 shows the essential parts of a sen- 
sitive galvanometer constructed according to 
these principles. It consists of an elongated 
coil of fine wire suspended in the strong field 
between the poles of a mi^et. This type of 
galvanometer is due to D'Arsonval, It is not 
so sensitive as the galvanometer of the Kelvin 
type, but it is scarcely affected by outside magnetic influences. 
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The D'Araonval galvanometer may be used for the approx- 
imate measurement of weak currents, because the deflection, 
within a small range, is proportional to the current ; that is 

in which i is the current flowing through the galvanometer, d 
is the deflection in scale divisions, and k is a. proportionality 
(actor which is called the reduction factor of the galvanometer. 

Problems. 

80. A horizontal wire 10 meters long, stretched due magnetic 
east and west, is pushed up by the horizontal component of the 
earth's field with a force of 2,500 dynes. What is the direction 
and strength of the current in the wire ? The horizontal com- 
ponent of the earth's field is 0.2 gauss. Ans, 125 amperes east 

81. The armature of a dynamo has a length, under the pole- 
face, of 30 cm. The magnetic field intensity between the pole- 
face and the armature core is 6,000 gausses. The surface of the 
armature is covered with straight wires parallel to the axis of the 
armature. Each of these wires carries a current of 75 amperes. 
Calculate the force acting on each wire. Ans, 1,350,000 dynes. 

82. A horizontal electric light wire stretched due magnetic 
north and south carries 1,000 amperes of current flowing towards 
the north. The length of the wire is 250 meters, the intensity 
of the earth's field is 0.57 gauss and the magnetic dip is 6^". 
Find the value of the force pushing on the wire and specify its 
direction. Ans. 1,269,500 dynes west. 

83. A circular coil of wire of 20 cm. radius has 1 5 turns of 
wire. How much current is required in the coil to produce at 
the center of the coil afield intensity of 0.57 gauss? Ans. 0.121 
abamperes. 

84. The two straight parallel wires of an electric light pole-line are 35 Inches 
apart center to center, and a current of JOO ampere) is flowing out In one wire and 
back in the other. Find: (a) The intensify of the magnetic field due to the wires at 
a pcnnt midway between them, aod {i) the inteuutj of the magnetic deld due to tba 
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two wires At a point which a 31 inchn bom the axis of one wire aad 28 inches fiom 
thqaxb of the othei wire. Ads. (a) 4.5 gaiuses. (i) 3.34 gausses. 

85. A thin brass tube 2 inches in diameter and 6 feet long is 
wound with 1,400 turns of wire, (a) Calculate the field intensity 
inside of this coil when a current of 5 amperes flows through the 
wire, (i^) Calculate the total enei^y of the magnetic field inside 
of the coil, Ans. (a) 48.1 gausses, (d) 341,220 ergs, 

86. A tangent galvanometer gives a deflection of 10" for 1.2 
amperes. Calculate the deflection which will be produced by 1 5 
amperes. Ans. 65° 35'. 

87. A rectangular frame 25 x 40 cm. has 10 turns of wire 
wound upon it. The frame is balanced horizontally upon an axis 
pointing due magnetic east and west, A current of 28 amperes 
is sent through the wire. Required the distance from the axis at 
which a lo-gram (9,800-dyne) weight must be hung to balance 
the torque action due to the earth's magnetic field at a place 
where its intenaty is 0.57 gauss and its dip is 63°. Ans, 
0.74 cm. 

88. A circular coil has 100 turns of wire. The diameter of 
the mean turn is 16 centimeters, and a current of 15 amperes 
flows through the coil. This coil is suspended with its plane 
lying vertical and magnetic north and south, (a) Calculate the 
torque in dyne-centimeters with which the horizontal component 
of the earth's field (0.2) acts upon the coil and specify the direc- 
tion of the axis about which this torque is exerted, (i) Calcu- 
late the torque in dyne centimeters with which the vertical com- 
ponent of the earth's field (0.68) acts on the coll and specify the 
direction of the axis about which this torque is exerted. Ans, (a) 
Axis, vertical ; torque, 6,032 dyne-centimeters. (6) Axis, north 
and south; torque, 20,508 dyne -centimeters. 

89. A circular coil lO cm. in diameter, having 50 tams of wire, ii hung by a phos- 
phor-bronze wire at the center of a large circalar coil 13a Cm, in diameter, haTJng 
500 turns of wire. The suspending wire is free from twist when the planes of the 
two coils are at right angles, and a torque of il50 dyne-centimeters twists the wire 
through one radian of angle. How much current must pass through the two coils in 
series to cause the suspended coil to turn 30° from its position of equilibrium ? What 
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happeDj if the cnneot ii roetsed in one coil ? WbM bkppeni if the current It le- 

reisediQ both coili? Am. a.17 unpeK. , 

90. The spiral spring of a Seimens electrodynamometer is 
twisted through an angle of 225° to balance the force action on 
the movable coil when a current of 14 amperes flows through 
the instrument A twist of l6o° is required to balance the force 
action of a current which is being measured by the instrument 
Required the value of this current. Ans. 11.8 amperes. 

91. The horizontal component of the earth's magnetic field at 
the needle of a sensitive galvanometer (Kelvin type) is o. 1 8 gauss, 
and its direction is due north. It is desired to produce at the 
needle a resultant magnetic field of 0.02 gauss intensity in a due 
easterly direction. Find the distance and direction from the gal- 
vanometer needle at which an isolated north magnet pole of 
strength 600 gausses must be placed to produce the desired re- 
sult Ans. 57.6 cm., 6° 20' west of north. 
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CHAPTER V. 

INDUCED ELECTROMOTIVE FORCE. 

The Dynamo. 
62. Lenz'slaw. ElectromagiietlGtheoiyabraiichof medianlcs.* 
• — The idea of electric current b strictly analogous to the mechan- 
ical idea of velocity f ^^d an insight into the nature of induced 
electromotive force can be obtained only by drawing a parallel 
between the equations in Mechanics and the equations of Elec- 
tricity and Magnetism. 

The prodnct of the force F exerted on 
a body which moTes at velocity v in the 
direction of ^ is equal to the power P 
developed b; the agent which is exerting 
the force on the body ; that is 



The product of ihe electromotive force 
£ of a generator aod the current / de- 
livered by the geuerator is equal to the 
power P delivered by Ihe generator to 
the dicnit to which tbe generator del iven 
cnrjent. That is, 

P=EI 
in which P i 
ond if f is e 

in abamperes, or P is expressed iu watts 
if £ is expressed in volts and / in 
amperes. 

In order to produce a current / through 
a drcnit of which the reliance is R, an 
electromotive force eqaal to RI is re- 
quired ; that is, 

E^KI 
Multiplying both members of this equation 

* The mechanical analogies which are outlined in this article are exact and com- 
plete. Any one who is interested in the full details of this matter should read a re- 
markable paper on The Motion of Monocyclic Systems by H. »on Hehnbolti, Crelle'a 
Journal, Vol, 97, pp. iii and 317. A very interesting and instructive book entitled 
AppHcatians of Dynamics to Physics and Chtmistry, by J. J. Thomson, touches in- 
directly Dpon this matter. See also Art. iz; of this text 

tElectric current is velocity and it is entirely meaningless to speak of the 
velocity with which an electric carrent flows along a wire. This matter will be made 
clear when we come to discass electric waves. 



in which P is expressed in ergs per sec- 
ond if /' is expressed in dynes and v in 
centimeters per second. There are no 
Dames for the units of force and velocity 
which correspond lo the watt as a unit 
of power. 

A force F acts npon a boat and in. 
creases the velocity v of the boat until 
all of the force F is osed to overcome the 
Iriction of Ihe water. Let ui asmme thai 
the friction of the Toater is proportional 
to the velocity of Ihe boat, at equal to ro 
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' U ■ coTiBtaDt. ThcD we hive 



by the currenl mad lememberiDg [hftt ^/ 
is equal to the power delivered to the cir- 

/■= J/' 
In these equations Jl may be expressed 
io ohms, / in unperes, £ in toIIs and 
P in waU3, <X X may be expressed in 
abohms. / in abampetes, £ in abiolts 
and P io ergs per second. 



Multiplying both members of this eqoa- 
tion by V and rememberlog that Pv is 
the power that is delivered to the boat, 

P=ni> 
Id these equations cg.s. noits ate most 
conveniently nsed, that is, F a expressed 
in dynes, v in centimeters per second, 
and P in ergs per seoond. The ooefiideDt 
r is exactly anait^ous to the resistance 
of an electric circuit. 

Consider the wires on the surface of the cylinder A in Fig. 63 
with electric currents flowing through them as indicated by the 
dots and crosses. These wires are pushed sidewise by the mag- 
netic field, as explained in Art 51, and, if the cylinder A is 
allowed to turn so that the wires A move ivitk * this side force, 
mechanical work is obtained. Where does this work come from ? 
If the cylinder A isfordbly turned so that the wires move a^(M>ti/ 
the side force with which the magnetic field pushes on them, 
mechanical work is expended. Where does this work go to ? 
The present chapter is devoted to the consideration of these two 
questions, and some idea of the conclusions which will be reached 
may be obtained by a brief discussion of the analogous mechanical 
problem. A person standing on the swinging span of a draw- 
bridge as shown in Fig. 8 1 is acted upon by a centrifugal force, as 
indicated by the arrow, and this centrifugal force depends upon the 
angular velocity of the moving span. If, while the span is swing- 
ing, the person walks towards the center of the span, he does work 
in moving himself against the centrifugal force, and this work helps 
to torn flie span. If the person walks away from the center of the 
swinging span he is helped by the centr^ugal force, or, in other 
words, he receives energy or work from the swinging span, more 

* A body is said to move witk a force vrbicb acta upon it when it moves in the 
direction of the force. A body is said to move against a force which acts npon it 
when it moves in a direction opposite to the direction of the force. 
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work is required to keep the span taming tlLan Toald otherwise be 
necessary, and the work received by the moving person is equal to 
the additional work so expended in turning the span. 



[on* 0/ mtaNaR 




FiE.ai. 



Inasmuch as the idea of electric current strength is strictly 
Analogous to the mechanical idea of velocity, the question as to 
what becomes of the work done in moving a wire against a force 
'which depends on the current is strictly analogous to the question 
as to what becomes of the work done in moving a body against a 
force which depends on velocity. Therefore the above example of 
a person moving radially on a swinging bridge span is analogous 
to the following : A wire is connected to a battery so that an 
electric current flows through it, and the wire is stretched across 
a magnetic field as shown in Fig, 61. Under these conditions the 
magnetic field pushes sidewise on the wire, and this side force 
depends on the current If the wire be moved sidewise against 
this force, work has to be done and this work helps to maintain tiie 
<lilTeiit. If the "wire is moved in the direction of the side force, the 
side force does work in helping to move the wire, more work is re- 
quired to keep the current flowing than would otherwise be neces- 
sary, and-tke w(n-k received by the moving -wire is equal to the ad- 
ditional work thus done in keeping the current Rowing. 

In the example of the swinging bridge span, the force exerted 
by the engine which drives the span must be supposed to be 
greater or less according as the man is moving outwards or in- 
wards (with or against the centrifugal force) if the velocity of 
turning is to be kept constant In the example of the moving 
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wire, the battery which supplies the electric current must be sup- 
posed to have a greater or less electromotive force according as 
the wire is moving with or against the side force due to the mag- 
netic field if the strength of the current is to be kept constant 

The action described above in connection with the motion of a 
man on a swinging bridge span may be perceived in a very strik- 
ing way by holding weights in one's hands, swinging round and 
round on one's heel, and drawing the weights inwards or extend- 
ing them outwards repeatedly. 

The facts outlined above in connection with the moving wire, 
constitute what is called Lens's law, a more elaborate statement 
of which will be given later. 

63. Indoced electroniotire force. — Faraday discovered in 1831 
that a momentary electric current is produced in a coil of wire 
when a magnet is thrust into a coil or withdrawn from the coil, 
or when an iron rod upon which the coil is wound is magnetized 
or demagnetised. The motion of the magnet in the first case or 
the varying magnetism of the iron rod in the second case, pro- 
duces a momentary electromotive force in * the coil and this elec- 
tromotive force in its turn produces a momentary current if the 
coil forms a portion of a closed circuit The electromotive force 
and electric current produced in this way are called induced elec- 
tromotive force and induced current. 

Examples of Lens's law. — A current induced in a coil when a 
magnet is thrust into the coil is in such a direction as to tend to 
push the magnet out of the coil, and the work done in moving the 
magnet against this opposing force is the work which goes to 
produce the induced current The current induced in a coil when 
a magnet is withdrawn from the coil is in such direction as to 
tend to draw tJie magnet into the coil and the work done in mov- 
ing the magnet against this opposing force is the work which 
goes to produce the induced current. When an iron rod with a 

•One sboald alwayi speak of the electromotiie force between two points, never of 
the electromotive force in x circuit, except only wheo one is spe&king of an induced 
electromotive force. 
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short-circuited winding of wire is magnetized, the current induced 
in the winding opposes the magnetization and more work is re- 
quired to magnetize the rod than would be required if the in- 
duced current did not exist. This additional work is that which 
produces the induced current 

64. ElectromotiTe force Induced Is a straight vire moving slde- 
wlse across a unlfonn magnetic field. — Consider a straight wire 
BB', Fig. 82, which slides sidewise at a velocity of v centime- 




ters per second along two straight wires or rails AB and A'B', 
distant / centimeters from each other. The rails AB and 
A'B' are connected at AA' so that ABB' A' is a closed cir- 
cuit The whole arrangement is placed in a uniform magnetic 
field of intensity H, the direction of the field being perpendic- 
ular to the plane of the figure and towards the reader. The 
motion of the wire BB' induces in it an electromotive force E 
which in its turn produces a current / in the circuit ABB' A', 
and because of this current the magnetic field pushes the wire 
BB' sidewise with a force F as indicated in the figure. The 
rate at which work is done in moving the wire BB' against the 
force F at velocity v is Fv ergs per second, and the rate at 
which work is done by the electromotive force E in maintaining 
the current / is E! ergs per second, E being expressed in 
abvolts, and / being expressed in abamperes. According to 
Lenz's law, the work done in moving the wire BB" against the 
force F goes to maintain the current. Therefore we have 
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Fv-EI (i) 

and from equation (28), in Art. 52, 

F~IIH 
whence, substituting this value of F in equation (i), we have 

E~lHv (42) 

that is, the electromotive force induced in a wire / centimeters 
long, moving sidewise at a velocity of v centimeters per second 
across a uniform magnetic field of intensity H is equal to the 
product IHv. This product expresses the induced electromotive 
force in cg.s. units or abvolts, one abvolt being an electromotive 
force which will do work at the rate of one ei^ per second 
in maintaining a current of one abampere. One volt equals 
10* abvolts. 

6S. Expression of induced electiomotiTC force In tenns of lines 
of foice cut per second. — 'During / seconds the sliding piece 
BB' , Fig. 82, moves over a distance vt and sweeps over Ivt 
square centimeters of area. The product of this area by the field 
intensity H gives the number of lines of force $ which pass 
through the area according to equation (18), and this is, the 
number of lines of force cut by the moving wire in / seconds, 
that is, 

* = IHvt © 

Dividing both members of this equation by t, we have 

but O/^ is the rate at which the moving wire BB' cuts lines 
of force, or, in other words, it is the number of lines of force cut 
per second, and IHv is the electromotive force in abvolts induced 
in the wire, according to equation (42). Therefore the electro- 
motive force in abvolts induced in a moving wire is equal to the 
number of lines of force cut per second by the moving wire. This 
result is true for any wire, straight or curved, moving in any 
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manner in any magnetic field, uniform or non-uniform, although 
the derivation here given applies to the motion of a straight wire 
across a uniform field. 

66. Expression of induced electromotive force la tenns of rate of 
change of magnetic fiuz throagh a circuit.* — The total magnetic 
flux through the circuit ABB' A', Fig, 82, is given by equation 
(i). Art. 65, and the rate at which the moving wire BB' cuts 
lines offeree is the rate of increase of $. Therefore tke electro- 
modve force induced in a circuit is equal to tke rate of change of 
the magnetic flux through the circuit, that is, 

d^ 
^=-* (43) 

Bxperiment shows this equation to be true when the change of 
magnetic flux is due to motion and also when the change of mag- 
netic flux is due to varying strength of the magnetic field. 

The negative sign in equation (43) has no immediate importance. 
It is chosen in accordance with the following convention. A 
right handed screw with its axis parallel to the magnetic field H 
(directed towards the reader in Fig. 82) would have to be turned 
in a direction opposite to the flow of induced current produced by 
an increasing flux in order to make the screw travel in the direc- 
tion of H. It is therefore convenient to look upon the induced 
current or the induced electromotive force as negative when 
d^fdt is positive. 

Equation (43) expresses the electromotive force induced in a 
single turn of wire. When a region of changing magnetic flux is 
surrounded by Z turns of wire, then equation (43) expresses the 
electromotive force induced in each turn of wire, and the total 
electromotive force is 

</* 
£-_Z-^ (44) 

* Let it be retaetabetcd th&t the fundamental actioD upon which induced electro- 
motiTe force depends is the cutting tht linn of force b; > moyiog conductor or the 
■weeping of moving lines of (bice past a statioDary conductor. 
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67. The dynamo.— The dynamo is a machine for the produc- 
tion and maintenance of an electric current when the machine is 
supplied with mechanical power, or, conversely, for the develop- 
ment of mechanical power when the machine is supplied with 
electric current. When used for the former purpose the dynamo 
is called an electric generator, and when used for the latter pur- 
pose, the dynamo is called an electric motor. 

The action of the dynamo as a generator is essentially as 
follows : A wire is forced by an external source of mechanical 
power to move adewise across a magnetic iield. This motion 
induces an electromotive force in the wire and this electromotive 
force produces a current in the circuit which is connected to the 
ends of the wire. The induced current causes the magnetic field 
to push on the moving wire in a direction opposite to its motion, 
and the work done in overcoming this opposing force is the work 
that goes to maintain the induced current. 

The action of the dynamo as a motor is essentially as follows : 
An electric current from an external source is forced through a 
wire which b allowed to move sidewise in a magnetic field in the 
direction of the side push upon it, thus developing mechanical 
power. The motion of the wire induces in it an electromotive 
force which opposes the flow of current through the wire, and the 
work done by the external source of electric current in forcing 
the current through the wire in opposition to this induced electro- 
motive force is the work which appears as mechanical energy in 
the motor. 

The above-described action of the dynamo as a generator and 
as a motor constitutes a complete statement of what is called 
Lenz's Law, namely, that an induced current leads to the pro- 
duction of a force which opposes the action which produces it 
and the work done in overcoming this opposing force is the work 
that goes to produce the induced current. 

Types of dynamos. — There are two distinct types of dynamo 
electric machines, namely, {a) alternating-current machines and 
ip) direct-current machines. The alternating-current generator 
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delivers what is called an alternating current, that is, a current 
which is subject to rapid periodic reversals of direction. The 
direct-current generator, on the other hand, delivers a current 
which is not reversed in direction and which is usually quite 
steady in value. 

68. The altematiiig-ctiTreat djrnamo. — The simplest form of 
the alternating-current dynamo is shown in Fig. 83. A wire W, 




perpendicular to the plane of the paper, is moved sidewise along 
the dotted line so as to cut the magnetic lines of force which 
emanate from the inwardly projecting poles NSNS of a large 
electromagnet which is called the ^eid magnet of the alternator. 
While the wire is sweeping across a north pole an electromotive 
force is induced in it in one direction, and while the wire is sweep- 
ing across a south pole an electromotive force is induced in it in 
the opposite direction. This repeatedly reversed electromotive 
force is called an alternating electromotive force and it produces an 
eUlemating current in the wire and in an outside circuit to which 
the ends of a wire may be connected. 

In commercial alternators large numbers of wires are used in- 
stead of the single wire W shown in Fig. 83, and these wires 
arc placed in slots in the periphery of a rotating cylindrical mass 
of laminated iron. Thus, Fig. 84 shows 4 wires in 4 slots and 
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Fig. 85 shows 16 wires in 16 slots. Figures 84^ and 8$i are 
what are called developed diagrams which show how the wires 
are connected to each other and how they are connected to two 



UJ 



"7/ ^ \r 



\°JL ,[tl 



m 



Ai 



^: 



sj l-ILl L sj 



To reoeMag eZnoit 




insulated metal rings r and r' upon which two metal brushes 
a and d rub, thus keeping the moving wires connected to an 
outside receiving circuit. 

The laminated iron cylinder AA with its winding of wire is 
called the armature of the alternator, the metal rings r and r* 
are called collector rings. The field magnet of an alternator must 
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be excited by direct current which is generally supplied by a 
small auxiliary direct-current generator called the exciter. 

Definition of the cycle. Frequency. — The electromotive force 
of an alternator passes through a set of positive values while a 
group of armature wires is passing a north pole of the field 
magnet, and through a set of negative values while the given 
group of armature wires is passing a south pole of the field mag- 
net. The complete set of values, including positive and negative 
values, is called a cycle, the duration of a cycle is called a period, 
and the number of cycles per second is called i^s frequency. If 
the field magnet of an alternator has / poles {//2 north poles 
and pjz south poles), then the frequency of its electromotive 
force is /»/2, where « is the speed' of the alternator armature 
in revolutions per second. This is evident when we consider 
that a complete cycle corresponds to the passage of a given group 
of armature wires across two field poles, a north pole and a south 
pole, so that there are //2 cycles in one revolution. The 
standard frequencies of com- 
mercial alternators in practice 
are 25 cycles per second for 
large installations for the 
transmission of power, 60 cy- 
cles per second for alternators 
which supply current for both 
lamps and motors, and 133 
cycles per second for the older 
styles of alternators which 
supply current to lamps only. 

69. The direct-coireat dy- 
oamo is somewhat more com- 
plicated than the alternator. 
The following description ap- 
plies to the direct-current dynamo having an armature of the so- 
called ring type, and having a bipolar field magnet. An iron ring 
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ab which is built up of sheet iron stampings, is wound uniformly 
with insulated wire as indicated in Fig. 86, the ends of the wire 
being spliced t(^ether and soldered so that the winding is endless. 
This iron ring with its winding of wire is called the armature of 
the machine, and it rotates, as indicated by the curved arrow, be- 
tween the poles of a strong field magnet. 

The wires on the outside of the iron ring have electromotive 
forces induced in them as they move across the pole faces of the 
field magnet and cut the lines of force. These electromotive 
forces cannot, however, produce current in the endless wire that 
is wound on the armature, because exactly equal and opposite 
electromotive forces are induced on the opposite sides c and d 
of the ring, as shown diagrammatically in Fig. 87 in which the 




circle adbc represents the endless wire on the ring. A steady, 
or very nearly steady, current can, however, be taken from the 
winding on the ring by keeping the terminals of an external cir- 
cuit /, Fig. 88, in metallic contact with the windings on the ring 
at a and b. For this purpose the insulation may be removed 
from the outer portions of the wire windings on the ring and two 
stationary metal or carbon brushes SS, Fig. 88, may be ar- 
ranged to rub at a and b as the ring rotates. In practice wire 
leads are soldered to the various turns of wire on the ring and 
connected to insulated copper bars near the axis of rotation as 
shown in Fig. 89. Sliding contact is then made with these 
copper bars instead of with the turns of wire at a and b 
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directly. This set of copper bars constitutes what is called the 
co^mut<Uor. 

Skunt and series field windings. — The field magnet of a direct- 
current generator is usually excited by current taken from the 
machine itself The winding of wire on the field magnet may 
consist of many turns of comparatively fine wire having a con- 



siderable resistance. In this case the terminals of the field wind^ 
ing are connected directly to the brushes of the machine, and 
from two to ten per cent, of the permissible current output of the 
generator flows through the field windings and excites the field, 
the remainder of the permissible current output being available 
for use in the external circuit. In this case the field winding and 
the outside receiving circuit are in parallel with each other between 
the brushes, so that the field winding is in the relation of a shunt 
to the outside receiving circuit A direct-current dynamo with 
its field windings arranged in this way is called a shunt dynamo. 

The winding of wire on the field magnet of a direct-current 
dynamo may consist of comparatively few turns of heavy wire 
having a low resistance. In this case the field winding is con- 
nected in series with the external receiving circuit, the whole cur- 
rent delivered by the machine flows through the field winding, 
and from two to ten per cent of the electromotive force developed 
by the machine is used to force the current through the field 
winding, the remainder being available for forcing current through 
the external receiving circuit A direct-current dynamo with its 
field windings arranged in this way is called a series dynamo. 
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The muitipolar direct-current dynamo. — Figure 90 shows a 
ring armature rotating inside of a crown of six inwardly project- 
ing field magnet poles. The electromotive force induced in the 
windings as they sweep across the pole faces cannot produce cur- 
rent in the endless wire that is wound on the ring, because the 
electromotive forces induced under the north poles are just 
balanced by the electromotive forces induced under the south 
poles, as shown diagrammatically in Fig. 91. To utilize the in- 




duced electromotive forces eeeeee, Fig. 91, for the production of 
direct current, six brushes aaa and dbb, Fig. 90, should be used. 
Three of these brushes maintain contact with the windings at 
aaa, and through all three of these brushes current flows out of 
the armature to one terminal of a receiving circuit. The other 
three brushes maintain contact with the windings at bbh. Fig. 91, 
all three of these brushes are connected to the other terminal of 
the receiving circuit and current flows into the armature through 
all three. The three brushes aaa together constitute the positive 
terminal of the armature, and the three brushes bbb together 
constitute the negative terminal of the armature. 

Number of current paths in the armature between positive and 
negative brushes. — In the bipolar direct-current dynamo two 
brushes are used as shown in Fig. 88, and the current which 
enters the armature at the negative brush divides into two parts 
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and flows through two distinct paths in the armature winding to 
reach the positive brush. In the particular multipolar dynamo 
shown in Figs. 90 and 91 the current enters the armature through 
three brushes, and the current which enters at each of the three 
brushes divides into two parts and flows through two distinct paths 
to reach a positive brush. Therefore in this particular machine, 
having six fleld poles, there are six current paths through the 
armature from negative to positive brushes.* 

70. FnndamBiitAl eqtutlon of the diiect-cuirent dynamo. — Let 4 be the mag- 
netic flax which enters (he armature from the north pole of the field magnet and leaves 
the amiBture at the south pole of the field magnet, let Z be Che number of conductors 
on the outside surface of the armature, let n be the speed of the armature in revolu- 
tions per second, and let E, be the electromotive force induced in the armature wind- 
ing. A voltmeter connected to the brushes of the dynamo would indicate the value 
of Et if ibe current in the armature were neglieibly small ; when the current in the 
■imalure is large, a portion of B^ is used to overcome the armature resistance. The 
equation which expresses the relation between E,, 4>, Z, and » is called the ^ni^ti- 
inmlal iqaation of the dynamo. This equation is here derived for the simplest case, 
namely, that of a bipolar dynamo with simple liug-wound aimfltore. In this case 

- E,= *Zn abvolts (430) 

Prmf vf equation [^^d). — During i/b second the armature makes one complete 
revelation, so that during l/2« second a given conductor sweeps past a field pole 
from a \a b \a Fig. E6 and cuts ^ lines of force. Therefore this condnctor cuts 
lines of force at on average rate which is equal to ^-t- 1 /3n, or 34w lines of force 
j>er second ; which is equal to the average electromotive force induced in the given 
conductor during tht time that it is moving from a to J in Fig. S6 ; also this is the 
aiifm^f electromotive force io all of the conductors between a and b at any instant. 
Therefore, since there are ZJ2 armature conductors or wires in series between a 
and b, the electromotive force between a and i is equal to ZJ2 X *♦«. <" 
E^ = *Zn abvolts. 

71. The Inductioii coiI.t — An iron rod wound with insulated 
wire may be repeatedly magnetized and demagnetized by con- 
necting a battery to the winding and repeatedly making and 
breaking the circuit. The increasing and decreasing magnetic 

• A type of armature winding which is frequently employed provides but two paths 
through the armature winding irrespective of the number of lield mi^et poles. 

t The induction coil was invented by Ruhmkorii in 1855 and it il frequently called 
the Rtthmkarff coil. 
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flux thus produced through the rod may be utilized to induce 
electromotive force in an auxiliary coU of wire wound on the rod. 
Such an arrangement is called an induclion coil. The winding 
through which the magnetizing current from the battery flows is 
called the primary coil and the auxiliary windii^ in which the 
desired electromotive force is induced is called the secondary coil. 
The iron rod is always made of a bundle of fine iron wires to pre- 
vent the flow of eddy currents as explained in Art. 74. 

When the iron rod or core is magnetized a pulse of electromo- 
tive force is induced in the secondary coil, and when the iron core 
is demagnetized, a reversed pulse of electromotive force is induced 
in the secondary coll. These impulave electromotive forces may 
be made very large in value, hundreds of thousands of volts, by 
making the secondary coil of many turns of wire and by provid- 
ing for the quickest possible magnetization and demagnetization 
of the core. 

A battery or any ordinary current generator does not monetize 
a core very quickly when connected to a winding of wire ; in 
fact, a very considerable fraction of a second is usually required 
for the core to become magnetized. Therefore, during the mag- 
netization of the iron core of an induction coil the electromotive 
force induced in the secondary coil is a comparatively weak pulse 
ef long duration. 

On the other hand, proper arrangements permit of an extremely 
quick demagnetization of the iron core of an induction coil when 
the battery is disconnected from the primary winding, and this 
quick demagnetization induces in the secondary coil an intense 
pulse of electromotive force of short duration. 

The quick demagnetization of the iron core of an induction 
coil is accomplished as follows : Figure 92a shows the connections 
of a battery to the primary coil. The battery is connected and 
disconnected by making and breaking contact between the metal 
terminals //. Two lar^e metal plates separated by an insulator 
(a condenser) are connected to the terminals tt as shown. 
When the points tt are connected together the core is slowly 



Dicized by Google 



INDUCED ELECTROMOTIVE FORCE. 133 

magnetized by the current from the battery. When the points 
tt are separated, the current persists in flowing for a short in- 



terval of time, this persisting current flows into the condenser 
plates, and the electric charge which thus accumulates on the 
plates suites back through 
the circuit as a reversed cur- 
rent and demagnetizes the 
iron core. 

Figure 92^ shows a com- 
plete induction coil. The 
condenser is mounted inside 
of the box-like base. fi^, ,2t^ 

72. The alternating-current transfoimer consists of two coils of 
wire, a primary coil and a secondary coil, wound upon an iron 
core. This iron core is built up of strips of sheet iron, and it 
usually forms a complete magnetic circuit as shown in Fig. 93. 
Figure 94 shows a sectional view of Fig. 93 ; the primary coil is 
represented by PP and a secondary coil by 55. Either coil 
of a transformer may be the primary coil according to the way in 
which the transformer is used as explained later. The induction 
coil and the alternating-current transformer are identical, except 
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that the iron core of the induction coil is not a complete magnetic 
circuit, but has magnet poles at its ends. The effect of these 



magnet poles is to facilitate the quick demagnetization of the core 
when the primary circuit of the induction coil is broken. 

The action of the transformer. — Alternating current is supplied 
to either coil of the transformer. This alternating current pro- 
duces rapid reversals of magnetization of the iron core. These 
magnetic reversals induce an alternating electromotive force in 
the other coil which delivers alternating current to any circuit to 
which it may be connected. The coil of a transformer which re- 
ceives alternating current is called the primary coil, and the coil 
which delivers alternating current is called the secondary coil. 

Step-up and step-down transformation. — Usually, one coil of a 
transformer has many more turns of wire than the other. The 
coil of many turns may act as the primary coil, taking a small 
current at high electromotive force from an alternator ; and in 
this case the coil of few turns will be the secondary coil, and it 
will deliver a large current at low electromotive force to a receiv- 
ing circuit. This action is called step-down transformation. 

The coil of few turns on the other hand may act as the primary 
coil, taking a large current at low electromotive force from an 
alternator; and in this case the coil of many turns will be the 
secondary coil and it will deliver a small current at high voltage 
to a receiving circuit. This action is called step-up transformation. 

The object of step-up and step-down transformation may be 
explained as follows: The transmission of a given amount of 
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power electrically may be accomplished by transmitting the large 
current output of a low voltage generator, or by transmitting the 
small current output of a high voltage generator. In the former 
case very large and expensive transmission wires must be used or 
the loss of power in the transmission wires will be excessive. In 
the latter case, comparatively small and inexpensive transmission 
wires may be used without involving an excessive loss of power. 
Therefore high electromotive force is a practical necessity in the 
long distance transmission of power. The user of electric power 
must however be supplied with current at low electromotive 
force, partly on account of the danger involved in the use of high 
electromotive forces, and partly on account of the fact that many 
types of electrical apparatus cannot be operated satisfactorily with 
high electromotive force; also it is inconvenient and dangerous to 
generate very high electromotive forces in a complicated machine 
like an alternator which must be cared for by an attendant. 
These difficulties are met by employing a transformer for step-up 
transformation at the generating station and another transformer 
for step-down transformation at the receiving station. 

High efficiency of the transformer. — The transformer is not only 
cheap to construct and cheap to operate, but it is extremely 
efficient. The efficiency ranges from 95 or 96 per cent, for 
small sized transformers to 98 per cent, or more for transformers 
of large size. 

73. Cnirmt and •ItctiamoUT* foic« relatloni of tba transfonner — Id Ibe 
fbllowiog discussion Z' represents the number of torus of wire in the primary roil, 
■nd Z" the Dumber of turns of vire in the secondaiy coil. The effect of the elcc- 
trical resistance of the coils, which is usually quite small in practice, is ignored, and 
all of the magnetic flm which passes through one roil is assumed to pass through the 
other coil also. 

(a) Eleclromelive force relaiiims. —Lei E' be the effective value of the alter- 
Dating electromotive force which acts od the primary coil of a traDsfonuer, and let E" 
be the effective value of the electromotive force induced in the secondary coil of the 
transformer. Then 

E' Z> 



E" ~^ Z" 



(46) 



This relation may be shown to be true as follows : The only thing which opposes the 
flow of corrent through the primary coil is the reacting electromotive force induced in 
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tb« primary coil by the reversals of nugnetintion of the core (mJsUiice of primary 
coil being neglecled). Therefore, tlie electromotive force which acts apon the primary 
coil is equal siul opposite to the electromotive force which is induced ia the priioaiy 
coil by the magnetic rcTcrsols of the core. The magnetic reversals of the core, how- 
ever, induce a certain electromotive force t in each turn of wire stUToiindiiig the core. 
Therefore the total electromotive force induced in the primary coil is Z't and the 
total electromotive force induced in the secondary coil is Z''e so that the ratio of the 
two electromotive forces is equal to Z'jZ". 

(b) Currtai rtlations. — The electromotive force which ia induced in the primary 
coil of a transformer bolsncex the electromotive force which is applied to the primary 
coil as eiplajoed above, and the range of reversals of magoetiialioo of the core must 
be such U to induce this reacting electromotive jbrcc in the primary coil. There- 
fore (he combined magnetizing action of primary and secondary coils is always snch 
as to magnetize the core to that degree which will make the reacting electromotive 
force m the primary coil equal to the electromotive force of the alternator which is 
farcing current through the primary coil. 

When the secondary coil is on open circuit, just enough current flows through the 
primary coil lo produce the degree of magnetization above spedlied. Let this value 
of the primary current, which is called the magnetizing current of the transfornier, 
be represented by i. When a current /" is taken from the secondary coil a current 
I' in addition to the magnetizing current 1 flows through the primary coil. The 
current t still suffices to magneUze the core, and the magnetizing action of 1" is ex- 
actly neutraliied by the equal and opposite magnetizing action of /'. The magnetiz- 
ing action of /" is measured by the product Z"I" and the magnetizing of /' is 
measured by the product Z'l', ao thai, ignoring algebraic signs, we have 

Z'I' = Z"J" 

I' Z" , , 

74. Eddy currents. Lamlnatios. — When an iron rod is mag- 
netized or demagnetized, the changing magnetic flux through the 
central portions of the rod induces electromotive forces around 
the outer portions of the rod, and these electromotive forces pro- 
duce what are called eddy currents. Eddy currents are also 
produced in a mass of metal which is near to a moving magnet 
or which moves in the ileighborhood of a stationary magnet. 

Lamination. — Those parts of electrical machinery which are 
subject to rapid and frequent changes of magnetization are always 
built up of iron wire or of thin sheets of iron so as to leave the 
iron continuous in the direction of the magnetization but discon- 
tinuous in the direction in which the eddy currents tend to flow. 
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Such a mass of iron is said to be laminated. The iron parts of 
dynamo armatures and of transformers are always laminated. 

Examples of eddy currents. — A suspended magnet which is 
set oscillating about its axis of suspension is quickly brought to 
rest if it is surrounded by a massive ring of copper, because the 
eddy currents induced in the copper by the moving magnet act 
upon the magnet with a force which is at each inst^t opposed to 
the motion (Lenz's Law). 

A sheet of copper which is suddenly thrust between the 
poles of a strong electromagnet behaves as if it were moving 
in a visdd liquid. Eddy currents are induced in the copper 
and, because of these eddy curr«its, the magnet exerts a force 
upon the copper which is always opposed to the motion (Lenz's 
Law). 

An interesting effect of eddy currents is their action in prevent- 
ing the sudden magnetization or demagnetization of a solid iron 
rod. Thus, a bundle of iron wires surrounded by a winding of 
wire is magnetized say in one second when the winding is con- 
nected to a given battery, and demagnetized in a much shorter time 
when the battery is disconnected. A solid iron rod of the same 
size would require perhaps nine or ten seconds to be magnetized 
by the same coil and battery, and the solid rod would lose its 
magnetism very slowly when the battery is disconnected. The 
eddy currents in the solid rod oppose the magnetisation while the 
rod is being magnetised, and they tend to keep up the magnetization 
while the rod is Being demagnetized (Lenz's Law). Another in- 
teresting effect of eddy currents is that which is exemplified in the 
ordinary "medical" induction coil, in which the "power" of the 
coil is adjusted by moving a brass or copper tube which surrounds 
the iron core of the coil. When the tube surrounds the entire 
core a sudden break in the primary circuit results in a slow de- 
magnetization of the core because of the eddy currents in the tube 
which tends to keep up the magnetization, but when the tube is 
withdrawn the core is demagnetized very quickly when the 
primary circuit is broken. 



Dicized by Google 



138 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

Problems. 
93. Let it be assumed that the force required to propel a canal 
boat is proportional to the velocity of the boat. A force of 50 
pounds is required to maintain a velocity of 5 feet per second. 
(a) Find the value of the coefficient by which the velocity of the 
boat must be multiplied to give the frictional drag and specify the 
unit in terms of which this coefficient is expressed, (d) Find the 
velocity at which the boat would be propelled by a force of 36 
pounds, (r) Find the rate at which work is done by a force of 
36 pounds in propelling the boat. Ans. (a) 10 pounds per 
{foot per second). (6) 3,6 feet/ second, (c) 129.6 foot-pounds/ 
second. 

93. When a force of 50 pounds is applied to the above canal 
boat the boat starts from rest and after some time reaches its full 
speed of 5 feet per second. At a given instant the velocity of the 
boat is 3 feet per second. At this instant : (a) Find the rate at 
which work is done on the boat by the propelling force, (i) Find 
the dragging force which is acting on the boat, {c) Find the rate 
at which work is dissipated in overcoming the friction of the water. 
{d) Explain what is becoming of the difference between [a) and 
(c). Ans. {a) 1 50 foot pounds /second. (6) 30 pounds, (c) 90 
foot-pounds/second. 

94. An electromotive force of 50 volts acts on a circuit of which 
the resistance is 10 ohms. At a certain instant during the time 
that the current is growing from zero to its full value the current has 
an actual value of 3 amperes. At this instant : {a) Find the rate 
at which the generator delivers work to the circuit, {i) Find the 
dragging force in volts which is opposing the flow of the current 
through the circuit (c) Find the rate at which work is dissipated 
in overcoming the resistance of the circuit {d) Explain what is 
becoming of the difference between {a) and (1:). Ans. {a) 1 50 
watts, (p) 30 volts, (c) 90 watts. 

95. A vertical wire 3 meters long is moved sidewise, towards 
magnetic east or west, at a velocity of 25 meters per second. 
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Find the electromotive force induced in the wire in volts, the 
horizontal component of the earth's field being 0.18 gauss. 
Ans. aooi35 volt, 

96. The pole-face of a dynamo is 30 centimeters long in the 
direction parallel to the axis of the armature, and the field inten- 
sity in the gap space between the pole-face and the armature core 
is 6,000 gausses. The wires on the armature are 1 2 centimeters 
from the axis of the armature, and the speed of the armature is 
1,800 revolutions per minute. Find the electromotive force in 
volts induced in each armature wire (3c centimeters in length) as 
it passes across the pole-face. Ans, 4.07 volts. 

97. A single wire IV, Fig.. 83, is rotated along the dotted 
Une in Fig. 83 at a speed of 25 revolutions per second. The 
magnetic flux which emanates from each north pole of the field 
magnet and which enters each south pole is 2,500,000 lines. 
{a) Find the average value of the electromotive force induced in 
the wire during the time that it sweeps from a point midway be- 
tween two field poles to the next point midway between two 
poles. (6) Find the number of cycles per second through which 
this induced electromotive force passes. Ans. (a) 2,5 volts. 
{S) 50 cycles per second. 

98. The alternator specified in problem 97 has a winding as 
shown in Fig. 84. Find the average value of the electromotive 
force induced in the winding during the time that the armature 
is making one fourth of a revolution (that is, during the time that 
the slots containing the wires travel from a point midway between 
the pole pieces to another set of points midway between the pole 
pieces. Ans. 10 volts. 

99. The core of an induction coil carries 100,000 lines of 
magnetic flux, when current is flowing through the primary coil. , 
When the primary circuit is broken the flux in the core drops to 
10,000 lines in 0.003 second. How many turns of wire are re- 
quired in the secondary coil in order that an average electromo- 
tive force of 25,000 volts may be induced in this coil during the 
0.003 second? -^"s- 83,333 turns. 
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100. The ring irmalure of ■ direct-cuireol bipoI»r djaaiaa hu »6o toms of wire 
upon i(, the armature is driven at a speed of 1,300 revolutions per minute, and the 
magnetic flux from a pole-loce into the annature care is 3,200,000 lines. OUcoUte 
the etectromolive tbrce of the dynamo in Tolls. Aos. 114.4 volti. 

101. The armature described in the above problem has upon 
it 500 feet of pure copper wire 325 mils in diameter. What is 
the resistance of the armature from brush to brush ? Ans. 
0.0125 ohm. 

Remark. — In a bipolar dTnamo the wire aa the arnutore constitutes tvo paths 
beliTceD the brnshes. 

102. A transtbrmer takes alternating current from snppl; mains at 1 , 100 volts and 
delivers current to service mains at 1 10 volts. The primal? coil of the transformer 
has 560 tuiDS of wire. How man; turns of wire are there in the secondary coil? 
The traDsCormer delivers 250 amperes to the service mains. How much current does 
it take from the supply maim ? A usual allowance in transformer coils is I,ooe cir- 
cular mils sectional area of wire (or each ampere. Find size of wire used in primary 
coil and in secondary coil of the trarksfbrmer. Ans. 56 turns, 35 amperes, 25,000 
dr. mill, 150,000 cir. mils. 
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CHAPTER VI. 
ELECTRIC MOMENTUM. INDUCTANCE. 

76. The momentum of tbe electric cuirent. Spark at bieak. — 
The analogy between electric current strength and velocity, as 
outlined in Art. 62, would lead one tot expect an electric current 
to possess momentum and kinetic enei^ very much as a moving 
body possesses momentum and kinetic energy. In fact, this is 
found to be the case. When an electric circuit is broken, the 
current continues to flow across the break for a short time, pro- 
ducing an electric arc or spark, and the intensity of this spark is 
a rough indication of the amount of kinetic energy possessed by 
the current. 

The amount of kinetic enei^ associated with a given current in 
a circuit made of a given length and size of wire, depends upon the 
shape of the circuit and upon the presence of iron near the circuit. 
Thus, a current in circuit a. Fig. 95, possesses but little kinetic 




energy ; the same current in circuit b possesses more kinetic 
enei^ ; and the same current in circuit c possesses very much 
more kinetic energy. When the circuit of an ordinary incan- 
descent lamp is broken a very slight spark only is produced ; a 



^yGoogle 



142 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

coil of wire having the same resistance as the lamp is connected 
to the supply mains so as to take the same amount of current as 
the lamp, and a much more intense spark is produced when this 
circuit is broken ; an iron core consisting of a bundle of iron wires 
is then placed in the coil and a spark several inches in length may- 
be produced by suddenly breakit^ the circuit 

The kinetic energy of the electric current resides in the mag- 
netic field which is produced by the current Thus, a current in 
the circuit a, Fig. 95, produces a very weak magnetic field except 
in the small region between the wires, and the kinetic energy of 
the current is small. The same current in the circuit d produces 
an intense m^netic field inside of the coil and the kinetic energy 
of the current is correspondingly great The kinetic energy of 
the current in the coil of wire shown in Fig. g$c is much greater 
than the kinetic energy of the same current in the circuit shown 
in Fig. 95^, but the presence of the iron core in Fig. 95^ com- 
plicates matters greatly, and nearly the whole of this chapter 
relates to the kinetic energy of currents in the absence of iron. 

Practica/ applications of the spark at break. — In the device 
which is ordinarily used for lighting gas jets by electricity, an 
electric circuit is made and broken in the stream of gas which is 
to be lighted, and the gas is ignited by the spark at break. In 
order to produce an intense spark, the circuit includes a coil of 
wire wound on an iron wire core, a so-called " spark coil," This 
same device is used for igniting the mixture of gas and air in a 
gas engine, 

76. Definition of inductance. — The kinetic energy which is 
associated with a current in a given circuit is proportional to the 
square of the current ; that is, we may write 

W-iW (48) 

in which W is the kinetic enei^ of a current / in a given cir- 
cuit, and (JZ.) is the proportionality factor. The quantity L is 
called the inductance* of the circuit 

• Someliines called the coffficitnl of lelf-induaiott of the circuit 
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Discussion of equation {f8). — It was pointed out in Art 53 
that to double the strength of the current in a circuit is to double 
everywhere the intensity of the m^netic field which is due to the 
current, and it was shown in Art. 44 that the kinetic energy per 
unit volume of a magnetic field is proportional to the square of 
the field intensity. Therefore to double the strength of the cur- 
rent in a circuit is to double everywhere the intensity of the mag- 
netic field due to the current, and to quadruple everywhere the 
enei^ of the magnetic field, so that to double an electric current 
is to quadruple the total energy of its magnetic field. 

Units of inductance. — If W^ in equation (48) is expressed in 
joules, and / in amperes, then L is expressed in terms of a unit 
of inductance which is called the henry, that is to say, a circuit 
has an inductance of one henry when a current of one ampere in 
this circuit represents one half of a joule of kinetic energy. 

If W in equation (48) is expressed in ei^s and / in abam- 
peres, then L is expressed in c.g.s. units of inductance. The 
cg.s. unit of inductance is sometimes called the abkenry." A cir- 
cuit has one abhenry of inductance when a current of one abam- 
pere in that circuit represents one half of an erg of kinetic energy. 
There are lO* abhenrys in one henry. 

Inductance of a coil. — Strictly, one cannot speak of the in- 
ductance of anything but an entire circuit, inasmuch as every 
portion of a circuit contributes its share to the magnetic field at 
each and every point in the surrounding region ; it is, however, 
allowable to speak of the inductance of a coil when the terminals 
of the coil are not too far apart, and when the remainder of the 
electrical circuit does not produce any perceptible magnetic field 
in the region occupied by the coil. 

Non-inductive circuits. — A circuit is said to be non-inductive 
when the inductance of the circuit is negligibly small, that is, 
when the electromotive force L x dijdt\ is negligibly small as 
compared with the electromotive force Rl which overcomes the 

'"'Tbe cg.B. unit of inductance is often called the centimeter. 
t Sm next acticle. 
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resistance of the circuit. Thus, a given circuit might be consid- 
ered to be non-inductive under conditions involving slow changes 
of current, whereas the same circuit would not be considered to 
be non-inductive under conditions involving rapid changes of cur- 
rent When a circuit consists simply of out-going and returning 
wires, side by side, its inductance is so small that it may be in 
most cases ignored. The wires used in resistance boxes are 
usually arranged non-inductively. This may be done by doubling 
the wire back on itself, and winding this doubled wire on a spool ; 
or the wire may be wound in one layer on a thin paper cylinder, 
and this cylindrical coil may then be flattened so as to reduce the 
region (inside) in which the magnetic field is intense. 

Measurement of inductance. — The most accurate method for 
determining the inductance of a coil is by calculation from meas- 
ured dimensions. This calculation can be carried out only when 
the coil is very simple in shape, and even then the calculation is 
in most cases quite complicated.* The simplest case is given in 
Art, 8r. The inductance of an irregularly-shaped coil may be 
determined by various electrical methods.f 

Moment of inertia of a wheel. Analogue of inductance. — The 
kinetic energy of a rotating wheel resides in the various moving 
particles of a wheel, in the same way that the kinetic energy of a 
current resides in the various parts of the magnetic field which- is 
due to the current. If the angular velocity <» of the wheel is 
doubled the linear velocity of every particle of the wheel is 
doubled, in the same way that the intensity of the magnetic field 
at every point in the neighborhod of a coil is doubled when the 
current in a coil is doubled. Therefore the kinetic energy of 
every particle of a wheel is quadrupled when its angular velocity 
is doubled, in the same way that the kinetic energy of every por- 
tion of the magnetic field around a coil is quadrupled when the 

• See a series of uticles in the Bultiiin of the United Siata Bureau of Standards, 
by E. B, Rosa, Vol. I, pa^es 115 uid 391 j VoL 2, pages 87, 161 BDd359; Vol. 3, 
page I. 

t See Practical Physics, bj Franltlin, Crawford and MflcNott, Vol. a, page lig ; 
aee also Absoluti Measurements, by Andrew Gray, Vol. 3, Part 3, pages 438-509. 
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current in the coil is doubled ; and consequently the total kinetic 
enei^ of a rotating wheel is proportional to the square of its 
angular velocity, in the same way that the total kinetic energy 
of a current in a given coil is proportional to the square of the 
current That is, we may write 

in which W is the kinetic energy of a rotating wheel, « is the 
angular velocity of the wheel, and {^K) is a proportionality 
factor. The quand^ K is called the moment of inertia of the 
wheel. ' 

77. Eiectromoti'Te force required to caase a current to increase 
m decrease. — To maintain a constant current in a circuit an elec- 
tromotive force equal to Ri must act upon the circuit to over- 
come the resistance of the circuit. If the electromotive force 
which acts upon the circuit is greater than Rt, the current in^ 
creases in value, and if the electromotive force which acts upon 
the circuit is less than Ri, the current decreases in value. Let 
the electromotive force which acts upon a circuit exceed Ri by 
the amount e ; then we have 

'-^i, (49) 

in which L is the inductance of the circuit and dijdt is the 
rate at which the current increases. When e is negative (elec- 
tromotive force less than Ri) then dtldt is negative, that is, 
the current decreases. 

Mechanical analogue of equation (49). — To keep a body in 
uniform motion a force sufficient to overcome the drag of friction 
must act upon the body. If the force which acts upon the body 
is greater than the drag of friction, the body gains velocity, and 
if the force which acts upon the body is less than the drag of fric- 
tion, the body loses velocity. Let the force which acts upon the 
body exceed the drag of friction by the amount e, then we have 
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in which L is the mass of the body and dijiit is the rate at 
which its velocity changes. Equation (49) is therefore analogous 
to the fundamental equation in mechanics which expresses the 
relationship between unbalanced force, mass and acceleration. 

Startii^ from the &ct that force equals mass times accelera- 
tion, it can be shown that the kinetic energy of a moving body is 
equal to one-half its mass times its velocity squared, suitable 
units being employed. The same argument reversed would show 
that force must be equal to mass times acceleration if kinetic 
energy is equal to one-half mass times velocity squared ; and an 
exactly similar argument would establUk equation f^p) on the basis 
of equation (^S). 

Self-induced elec&omotive force.— yjhen one pushes on a body 
causing its velocity to increase the body reacts and pushes back 
on the hand. This reacting force is equal and opposite to the 
acting force which is causing the increase of velocity. When the 
velocity of the body is increasing, its reaction is a force opposed 
to its motion, and, when the velocity of the body is decreasing, 
its reaction is a force in the direction of its motion. 

Similarly when an electromotive force acts upon a circuit and 
causes the current to increase or decrease, the changing current 
reacts, and the reacting electromotive force is equal and opposite 
to the acting electromotive force which is causing the current to 
change. Therefore from equation (49) we have 



dt 



(50) 

in which e is the reaction of the changing current in a circuit of 
which L is the inductance, and dijdt is the rate at which the 
current is changing. This reaction of a changing current is 
called self-induced electromotive force. 

78. Growth of current in an inductive circuit. — A steady force 
E b^ns to act upon a boat at a given instant, starting it from 
rest. At the given instant the velocity of the boat is zero, the 
frictional drag of the water is zero, and all of the force is used to 
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cause the velocity of the boat to increase. As the boat gains 
more and more velocity, however, a larger and larger portion 
(rf the force E is used to overcome the frictional drag of the 
water, and a smaller and smaller portion of £ is used to 
cause the velocity of the boat to increase. Finally, after the 
force has been acting for some time, the boat reaches full speed, 
and then all of the force E is used to overcome the frictional 
drag. 

An electromotive force E due to a battery or dynamo begins 
to act on a circuit at a given instant. At this instant the current 
is zero, and the whole of E acts to cause the current to increase 
in accordance with equation (49). As the increasing current 
reaches larger and larger values, however, a larger and larger 
portion of £■ is used to overcome the resistance of the circuit, 
and a smaller and smaller portion of E is used to cause the 
current to increase. After the electromotive force has been act- 
ing for some time the current reaches its full steady value, and 
then the whole of E is used to overcome resistance. The por- 
tion of E which is used at any given instant to overcome resist- 
ance is equal to Ri and the portion which is used to cause the 
current to increase is equal to L-dijdC. Therefore we have 



"dt 



(51) 



in which i is the value of the growing current at a given instant, 
and dijdt is its rate of increase at that instant. 

Examples. — (a) A force of 50 pounds propels a canal boat at 
a speed of 5 feet per second. Let us assume that the drag of the 
water is proportional to the velocity of the boat, and let us con- 
sider what takes place during the time that the boat is being 
started from rest by a steady force of 50 pounds, the mass of the 
boat being 100 tons. At the very start, when the velocity of 
the boat is zero, the drag of the water is zero, and the propelling 
force of 50 pounds is used solely to produce acceleration ; there- 
fore, from the formula F=^-ma, we find the acceleration a 
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to be 0.00S foot per second per second. After the boat has 
gained a certain amount of velocity, say, 3 feet per second, the 
drag of the water is { of 50 pounds, so that 30 pounds of the 
propellii^ force is used to overcome the drag of the water and 
the remainder, 20 pounds, is used to produce acceleration. 
Therefore the acceleration is 0.0032 foot per second per second. 
At the very start when the velocity of the boat is zero no work 
is being done upon the boat When the velocity of the boat 
becomes 3 feet per second, the propelling force does work at the 
rate of 150 foot-pounds per second; a portion of this power 
is expended in overcoming the friction of the water, and the 
remainder goes to increase the Idnedc enei^ of the moving boat. 
The portion of power which is used to overcome the friction of 
the water is found by multiplying the velocity of the boat by the 
portion of the force which is used to overcome the frictional drag. 
This gives 90 foot-pounds per second. The portion of the power 
which goes to increase the kinetic energy of the boat is found by 
multiplying the portion of the propelling force which produces 
acceleration by the velocity of the boat This gives 60 foot- 
pounds per second. 

(6) An electric generator has an electromotive force of 50 volts 
and it acts upon a circuit of which the resistance is 10 ohms, so 
that the steady current that may be produced by the electro- 
motive force is 5 amperes according to Ohm's law. The induc- 
tance of the circuit is, say, 2 henrys. At the instant when the 
electromotive force begins to act on the circuit the current is 
zero, and all of the electromotive force is used to cause the cur- 
rent to increase so that the rate of increase of the current k 25 
amperes per second, according to equation (49). After the cur- 
rent has reached a value of, say, 3 amperes, a portion of the 
electromotive force of the generator is used to overcome the 
resistance of the circuit and a portion is used to cause the current 
to increase. The electromotive force which is used to overcome 
the resistance is found by multiplying the resistance of the circuit 
by the current which gives 30 volts, and the remaining 20 volts 
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cause the current to increase at a rate of 10 amperes per second 
in accordance with equation (49).* 

The ordinates of the curve in Fig. 96 represent the successive 




values of growing current in a circuit of which the resistance is 3 
ohms and the inductance is 0.04 henry, the electromotive force 
of the generator being 1 10 volts. The equation to this curve of 
growing current is 

. E E -«., , ^ 



in which e is the Naperian base, ( is the value of the growing 
current t seconds after the electro- ^^^__ 

motive force E is connected to the 
circuit, L is the inductance of the 
circuit and R is its resistance. 



79. Decay of current in an Indue- -= 
tlve cJicuit. — A current / is es- 
tablished in an inductive circuit, a 
piece of metal mm is then laid 
across the terminals of the circuit 
and the battery disconnected as in- 
dicated by the dotted line in Fig. 97. 

♦Ohm's law does not apply to a drcuit unless EI eqmiU ^7* 




FlB. 97. 

Under these conditions 
s stated iD Art. 19. 
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the current decreases at such a rate that the self-induced elec- 
tromotive force (reaction of the changing current) — L • difdt is 
equal to Ri. This condition is expressed by the equation 



dt 



(53) 



and this equation may be most easily interpreted as follows : The 
electromotive force which is acting on the circuit is equal to zero 
and this electromotive force is divided into the two parts, Ri 
which is used to overcome the resistance and Ldijdi* which is 
used to cause the current to change. 

Examples, — {a) The canal boat mentioned in example (a) of 
the preceding article is brought up to a speed of 4 feet per second 
and then the propelling force ceases to act The drag of the 
water is of course equal to 4/5 of 50 pounds when the velocity 
is 4 feet per second, and this dragging force of 40 pounds pro- 
duces a negative acceleration or retardation of O.O064 foot per 
second per second. The rate at which the kinetic energy of the 
boat is being dissipated in overcoming the frictional drag of the 
water may be found by multiplying the frictional drag of 40 
pounds by the velocity of 4 feet per second which gives 160 
foot-pounds per second. 

(b) A current of 4 amperes is established in the circuit which 
is specified in example {b) of the preceding article. At a given 
instant the circuit is closed on itself and the current is left to die 
away. At this instant the value of Ri is 40 volts, that is, the 
electromotive force required to overcome the resistance of the 
circuit when the current is 4 amperes is 40 volts and this elec- 
tromotive force comes from the reaction of the decreasing current, 
so that the current must be decreasing at a rate of 20 amperes per 
second according to equation (49). The rate at which the kinetic 
enei^ of the current is being dissipated in overcoming the resist- 
ance of the circuit may be found by multiplying the value of Ri 

*Thi9 part must of counebcDegative, and therefore dijdl is Degative, tbatis, the 
cuneDt t a deccn»iig. 
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in volts by the value i in amperes (equals Ri^ wtuch gives 160 
watts. ^ 

The ordinates of the curve in Fig, 98 represent the successive 
values of a decaying current in a circuit of which the resistance 




is 3 ohms and the inductance is 0.04 henry, the initial value of 
the current being 36.7 amperes. 

The equation of the curve of decaying current in Fig, gS is 

' = /e'i' (54)* 

in which e is the Naperian base, / is the value of the decaying 
current at the instant from which time is reckoned, and i is the 
value of the decaying current t seconds later. 

80. The choke coil. — A coil having considerable inductance is 
frequently used for the choking of rapid fluctuations of current. 
Such a coil is called a ckoke coil. When a choke coil is connected 
to the terminals of an alternator the rapidly alternating electro- 
motive force of the alternator produces but little current through 
the coil. This is analogous to the fact that a rapidly alternating 

■Eqiutiaiis (ja) uid (54) >re obtained by integrsting the diflercDtial eqnatioDi 
(51) and (53) with doe reference to the known *»lae of th« caneot at the initant 
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force (a force which is repeatedly reversed in direction) produces 
but little to and fro motion of a heavy body even though the 
frictional opposition to motion be negligibly small. 

One of the most important uses of the choke coil is in connec- 
tion with the lightning arrester. Figure 99 represents a dynamo 
G supplying current to a trolley wire. When this wire is struck 
by lightning a sudden rush of current takes place through G to 
earth, and this rush of current may prove disastrous to the 
dynamo by breaking through the insulation instead of following 
the windings of wire in the machine. By placing a choke coil 
C in the position shown in the figure, the lightning discharge is 
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made to break through a short air gap ^ and flow to earth 
harmlessly. When the air gap ^ has been broken down in this 
way, that is, when a spark or arc has been established across the 
gap, it is a good conductor, and the dynamo G is short-circuited. 
Therefore a lightning arrester must be provided with an arrange- 
ment for stopping the flow of the dynamo current across the gap 
^ after the rush of current from the lightning stroke has ceased. 
This is sometimes done, as in the Thomson arrester, by means 
of a strong magnet which produces an intense magnetic field in 
the region of the gap and pushes the arc sidewise. and blows it 
out. This device is called the magnetic blow-out. The entire 
arrangement of a choke coil C, air gap g, and mimetic bio w- 
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out (which is not shown in the figure) constitute what is called a 
lightning arrester.* 

Example. — A coil of heavy copper wire wound in a single 
layer on a wooden cylinder AB, as shown in Fig. lOo, is provided 
with two metal rods rr which are separated by a small air gap. 
One terminal of the coil is connected to the outside coating of a 
Leyden jar, and a spark is allowed to jump from the jar to the 




other terminal of the coil as shown in the figure. At the instant 
of formation of the spark the total electromotive force between 
the coatings of the Leyden jar begins to act on the circuit. If 
the coil consists of lOO turns of wire wound on a wooden cylin- 
der 4 centimeters in diameter and 30 centimeters long, its ap- 
proximate inductance is 0.00005 henry, so that, if the electromo- 
tive force between the coatings of the Leyden jar is 40,000 volts, 
the current begins to increase in the coil at the rate of 8o0,00O,00O 
amperes per second, according to equation (49). The existence 
of a large electromotive force across the terminals of the coil 
may be shown by the feet that the discharge of the Leyden jar 



*For fntther informntioD concemiDg ligbtning anesteis M 
Eltmtnis ef EUelrital Enginitriitg, Vol. I, psgei 210-119. 
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will jump across the ^r gap instead of going through the coil 
AB. Thus, if the air gap is one centimeter in length it takes 
20,000 volts to strike across it, and if a spark does strike 
across this gap at the instant of the discharge of the Leydcn jar, 
one may be certain that the electromotive force between the ter- 
minals of the coil was at least 20,000 volts at the instant of the 
formation of the spark. 

The protective action of the choke coil in Fig, 99 depends 
upon a rapid increase of current through the coil during an ex- 
tremely short interval of time just before the gap g breaks down. 
The dynamo G may be protected from this very brief flow of 
current by connecting a condenser between the point a and 
earth, so that this very brief flow of current through the choke 
coil need not flow through the dynamo, but may go to charge the 
condenser- 
Si. Inductance of a long solenoid. — A solenoid is a long coil 
of wire ; two or three layers of wire wound on a long wooden 
rod, for example. When the depth of the winding of wire is 
small in comparison with the radius of a solenoid and when the 
length of the solenoid is great in comparison with the radius, the 
inductance of the solenoid in abhenrj's is given by the following 
equation 

in which L is the inductance of a solenoid in abhenrys, z is 
the number of turns of wire on each centimeter of length of the 
solenoid, r is the radius of the solenoid in centimeters, and / is 
the length of the solenoid in centimeters. The inductance of 
the solenoid in henrys is given by the equation 

i = 4,r»sV/-i-io' (55*) 

in which r and / are expressed in centimeters as in equation 

(SSo). 

Derivation of equation (55). — The intensity of the magnetic 
field inside of the solenoid is H= ^trzl, according to equation 
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(34), where / Is the current in the solenoid in abamperes. 
Therefore the total energy of the magnetic field inside of the 
solenoid is equal to irr' x ^X (47r5/)*/87r, according to equation 
(27), that is, the energy of the magnetic field is given by the 
equation 

but the enei^y of the magnetic field is equal to ^L/*, accord- 
ing to equation {48) so that L is equal to ^ir'j^i. 

Equations {$$(1) and (S5^) are strictly bue only for very long 
coils with thin windings of wire. These equations are frequently 
useful, however, in determining the approximate inductance of 
comparatively short solenoids with thick windings of wire. 

83. Electric momentDin. Flox-tonu. — The product of the mus of & moving 

body and itl velodty is called its momcntiiin. The product of the inductance of * 
circuit and the current is called electrical momentum. The term electrical momentom 
is seldom employed, (be termyfxjr-Afnu being more usual. 

Pr<^sili<m. — The electrical momentum Li of a coil is eqaal to the product of 
the flux through ■ mean tnta of the coil and the number of toroa of wire in the coil, 
that is, 

Li = Z* (56) 

ID which L is the inductance of the coil in abhenrys, 1 is the cnrrent io the coil in 
abamperes, i is the number of lines of magnetic fiui passing through a mean torn 
of the coil, and Z is the number of turns of wire in the coil. The truth of this 
equation may be made evident as follows : The self-induced electromotive force in a 
coil is due to (he increasing flux produced by Ibe increa^ng cuirent, so that th« self- 
induced electromotite force is equal to — Z-d^jdl, according to equation (44), 
where t is the magnetic flux through a mean turn of the coil due to the cnrrent in 
the coil. The lelf-iuduced electromotive force is also equal to — L- dijdt, accord- 
ing to eqnatioa (50). Therefore we have 

whence by integrating * we have Li =^ Z^. 

83. The depeodence of the indnctance of a cdl on the number of 
tarns of vire In the coil and upon the size of the coil. — The de- 

* This simple integraliOD occnn so frequently in arguments of this kind that it it 
worth while to cmisider its meaning as follows : In order to fiermit of a verbal ex- 
pression of equation (i), divide both members by Z, giving dflill=LlZy,dildt, 
which means that the flux 4 increases always LjZ limes as fast as i, so that, if 
4 and 1 start from zero ti^ther, then * must always be LjZ times as large as ■'. 
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pcndence of inductance upon the shape of a coil is much too 
complicated to permit of its general discussion in this text. The 
ratio of the inductances of two coils of exactly the same shape de- 
pends, however, in a very simple way upon the sizes of the coils 
and upon the relative number of turns of wire in them, as follows : 

The inductance of a coil of wire wound on a given spool is pro- 
portional to the square of the number of turns of wire. — Thus, a 
given spool wound full of number 16 wire has 500 turns, and an 
inductance of 0.025 henry ; the same spool wound full of num- 
ber 28 wire has ten times as many turns, and its inductance is one 
hundred times as great, or 2.5 henrys. 

The inductance of a coil of given shape, the number of turns of 
wire being unchanged, is proportional to its linear dimensions. — 
Thus, if a given spool of wire be imagined to be increased in 
dimensions in every detail in the ratio of 1:10, .size of wire being 
increased in the same ratio so that the number of turns will be 
unchanged, then the inductance of the spool would be increased 
ten times. 

84. EineUc margy aasodat*! with IndapmdMit ntmota In two drcnits, 
Deflnltion of mutual iDdoctance. — CoD»der two sdJHceiit circaEts one of which 
may b* called the primary circuit nnd the other the secondary circuit to distinguish 
them. Let /, be the current in the primary dicuit and /, in the secondary circuit. 
The total kinetic energy associated with these two cnrrenU consists of three parts : 
(ii) A part which is proportional to I^ squared, ( j) a pa.rt which is pioportiooal to 
Jf sqaaied, and \^c'\ e part which is propor- 
tional lo /[/,. Therefore we may write 

W= ii,/,> + JZ,/,» + MlyT^ (i) 

in which W \% the total kinetic energy of 

the two currents, and ({Z,), (}Z,), and 

M are the proporCiooality factors. The 

_ quantities L, and L, are the inductances 

Rg. 101. ^- .. ' .... 

of the respective ciicuita inasmuch as equa- 
tion (i) reduces to equation (48) when either current is zero. The quantity M is 
called the mutua/ inductance ol the two circuits. It may be either positive or nega- 
tire. Mutual inductance is expressed In terms of the same units as indnclaoce. 

Proof of equation (('). — Consider a point p in the neighborhood of the two dr- 
cnits. Let \, ng. loi, be the intensity at / of the magnetic Geld due to /, alou^ 
■nd let h^ be the intensity at / of the magnetic Reld dhe to I^ alone. The result- 
ant magnetic field at / is J, as shown iu Fig. loi, aud we have 
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M = A,*-\- A* -J- i\A, coa f 
Considet the energy AfF in ■ small element of volume *t the point f. This 
tatxgy is proportioiul to it' so that it ma; be considered in three parts which art 
proportional to 4,*, to ^*, and to Aj^,. respectively. But A, is proporlional to 
/i, and i, is proportional to /,, so that the kinetic eneigj in an clement of rolume 
at the point / maj' be considered in three parts vMcli aie proportional respectively 
to //, to /,', and to /,/,. What is true of the energy io an element of volqme 
at the pcnnt / is true of the enei^ in every other element of volume, that is, the 
energy in every element of volume consists of three parts which are proportional 
to /,*, to 7,', and to /,/g respectively, so that the tot*l energy consists of three 
such parts. 

Problems. 

103, The current in a circuit has a value of 26 amperes at a 
given instant Three hundredths of a second later the current is 
10.3 amperes. What is the average rate of change of the current 
during the interval ? Is this rate positive or negative ? Ans, 
— 523.3 amperes per second. 

104. Calculate the kinetic energy in joules of a current of i6o 
amperes in a circuit having an inductance of 0.05 henry. Ans. 
640 joules. 

106. An electromotive force of 25 volts is connected to a cir- 
cuit of which the resistance is 0.6 ohm and the inductance is 0,05 
henry. At what rate is the current increasing : (a) At the instant 
the electromotive force is connected to the circuit ; (^) at the 
instant that the current reaches a value of 10 amperes, and (c) at 
the instant that the current reaches a value of 3 5 amperes ? Ans. 
{a) 500 amperes per second, (i) 380 amperes per second, (c) 80 
amperes per second. 

106. The field winding of a dynamo has 50 ohms resistance 
and, approximately, 7.5 henrys of inductance. Assuming that 
the current grows in the coil in accordance with equation (52), 
calculate the time required for the current in the winding to 
reach 2 amperes when the winding is connected to a generator of 
which the electromotive force is no volts, Ans, 0.359 second. 

107. A current has been left to die away in a circuit of 0.6 
ohm resistance and 0.05 henry inductance. Find the rate of 
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change of the current as it passes the values loo amperes, lO 
amperes, and one ampere. Ans. —1,200 amperes per second, 
— 1 20 amperes per second, —12 amperes per second. 

108. Find the approximate inductance in henrys of a cylindrical 
coil 25 centimeters long, 5 centimeters mean diameter, wound 
with one layer of wire containing 150 turns. Ans. 0.000222 
henry, 

109. The choke coil of a lightning arrester consists of $0 turns 
of wire wound in one layer on a cylinder of which the diameter 
is 1 5 centimeters and the length is 50 centimeters, {a) Calculate 
the approximate inductance of this coil. {6) Calculate the ap- 
proximate rate of increase of current in the coil at the instant that 
a lightning discharge jumps across two centimeters of air in pref- 
erence to going through the coil. Ans. (a) o.oooi 1 1 henry. 
(d) 360,000,000 amperes per second. 

JVate. — The electromotiie force required to strike acnss 3 centimeters of sir il 
■pproximBtel; 40,000 volts. 

110. (a) Calculate the magnetic flux through the solenoid which 
is specified in problem 1 1 1 when a current of 30 amperes flows 
through it. (^) Calculate the value of the electrical momentum 
of this current in flux-turns, (a) 4,440 maxwells. (6) 666,000 
flux-turns. 

111. The field coil of a dynamo has 5,000 turns of wire and, 
when a current of one ampere flows through the field winding, 
1,500,000 lines of force are produced through the field core. 
Assuming that the flux is proportional to the exdting current, 
find the inductance of the field coil in henrys. Ans. 75 henrys. 

112. A battery having an electromotive force of 10 volts and a 
resistance of one ohm is connected to a coil of wire wound on an 
iron core. The coil has 1,000 turns of wire and its resistance is 
4 ohms. What is the current in the coil when the magnetic flux 
in the core is increasing at a rate of 500,000 lines per second ? 
Ans. I ampere. 
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113. A certain spool wound full of wire o.i centimeter in diam- 
eter has an inductance of 0.08 henry. The same spool is wound 
full of wire 0.32 centimeter in diameter. What isjts inductance ? 
Ans. 0.CK30762 henry. 

111. A spool 5 times as lar^ as the spool mentioned in prob- 
lem 1 16 but similar in shape, is wound with wire 6 millimeters in 
diameter. What is its inductance? Ans. 0.193 heniy. 
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CHAPTER VII. 

ELECTRIC CHARGE, THE CONDENSER. 

85. Electric charge. — A current of water through a pipe is a 
transfer of water along the pipe. Let q be the amount of water 
which, during t seconds, flows past a given point in the pipe, 
then the quotient qft is the rate of flow of water through the 
pipe, and this rate of flow may be spoken of as the strength / 
of the water current Suppose the strength / of the water cur- 
rent to be given (rate of flow of water in units of volume per 
second) then the amount of water flowing past a given point of 
the pipe in t seconds is given by the equation : 

Similarly, an electric current in a wire may be looked upon as 
a transfer of electricity along the wire, and the quantity q of 
electricity which flows past a point on the wire during / seconds 
may be deflned as the product of the strength of the current and 
the time, that is, 

q-it (57) 

If the strength of the current is variable, then equation (57) must 
be written in the form 

t^q = I t^ (58) 

in which A^ Is the small quantity of electricity which flows past 
a given point on the wire during the short intervals of time A/. 

Quantity of electricity is usually spoken of as electric charge or 
simply as charge. 

Quantity of water is the fundamental and easily measured thing 
in hydraulics and water current is most conveniently defined as 
quantity of water passing per second. In the case of electricity, 
the fundamental and easily measured thing is electric current, and 
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quantity of electricity is most conveniently defined as the product 
of electric current and time. 

Units of electru charge. — The ampere-second is the amount 
of electricity which flows in one second through a wire which 
carries a current of one ampere. The ampere-second is usually 
called the coulomb. One ampere-hour is the quantity of elec- 
tricity flowing in one hour through a wire carrying one ampere. 
The ampere-hour is extensively used among electrical engineers 
in specifying the dischai^e capacity of storage batteries. The 
abcoulomb is the quantity of electricity which flows in one second 
through a wire carrying a current of one abampere. One ab- 
coulomb is equal to ten coulombs. 

86. Ueasurement of electric charge. The ballistic galTauom- 
eter." — A very lai^e electric charge may be determined by ob- 
serving the time during which the charge will maintain a sensibly 
constant measured current. Thus a given storage battery can 
maintain a currait, say, of 10 amperes for 8 hours, so that the 
<lischai^c capacity of the storage battery is equal to 8o ampere- 
hours. The charges most frequently encountered in practice, 
however, are too small to be measured in this way, and for such 
chat^es the ballistic galvanometer is used as follows : 

The charge to be measured is sent through a galvanometer in 
the form of a pulse of electric current of very short duration. 
This pulse of current sets the needle of the galvanometer swing- 
ing. The maximum deflection d of the needle at the first 
swing is called the throw of the galvanometer, and this throw, if 
it is not too large, is proportional to the amount of charge q 
-which is carried through the galvanometer by the pulse of cur- 
rent That is, 

q^kd (59) 

the quantity k is called the r^i/acA'(J«yiirffr of the galvanometer, 
.and it is usually determined in practice by observing the throw 
produced by a known chai^. Equation (59) is true for a galva- 
■ S«e Chapter X for s diotc complete discussion of tbe ballistic galvanometer and 
«f the measaiemeiit of electric charge. 
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nometer with a heavy needle (or with a heavy moving coil in the 
case of the D' Arsonval type of instrument) which is not subj,ect 
to any perceptible air friction as it vibrates. Such a galvanometer 
is called a balHslic galvanmneter. 

The reduction factor of a ballistic galvanometer may be calcu- 
lated from the equation 

~"^ (-) 

in which / is a known steady current which produces a steady 
deflection b of the galvanometer, / is the period of one com- 
plete oscillation of the galvanometer and X is the ratio of two 
successive throws of the freely swinging needle (or coil) of the 
galvanometer, swings, the so-called damping ratio of the galva- 
nometer.* 

87. The flow of current in unclosed circuits. Electrically 
chained bodies. — Consider two insulated metal bodies A and 
B, Fig. ro2o, which at a given 
instant are connected,as shown, 
to the terminals of a battery or 
to any source of electromotive 
force. When the wire is con- 
nected a momentary pulse of 
current flows through it out of 
one body and into the other, 
and the bodies A and B are 
said to become charged with 
electricity. 

The body into which the mo- 
^^' ^°^^ mentary current flows is said to 

become positively charged and the body out of which the momen- 
tary current flows is said to become negatively charged, that is, 
the charge on one body is + j and the chaise on the other body 

•See Elictrical Meamrfments by Carbart and Patterson, pages 307-313. See 
Absolute Measurements in Electricity and Magnetism, by Aadrevr Graj, Vol. II. 
pages 390-396. See Maiwell's Electricity and Magnetism, Vol. II, pages 374-391, 
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is — J. Electrically charged bodies always occur thus in pairs, 
the positive chaise on one body being always associated with an 
equal negative charge on some other body or bodies. 

Example. — Two large sheets of tin foil separated from each 
other by waxed paper are connected through an incandescent 
lamp to supply mains. If this arrangement is connected to 
direct-current supply mains a single pulse of current flows 
through the lamp at the moment of connection, and the lamp 
filament is not perceptibly heated. If the arrangement is con- 
nected to alternating-current supply mains a pulse of current 
flows through the wire at every reversal of the alternating elec- 
tromotive force and the lamp filament may be heated to incan- 
descence. 

The electric field. The dielectric. — The region between the 
two bodies A and B, Fig. \02a, is understood to be filled with 
some electrical insulator such as air, oil or glass. An insulator 
between two chained bodies is called a dielectric. This dielectric 
is the seat of a peculiar stress which is called the electric field. 
The lines offeree* of this electric field trend somewhat as shown 
in the figure, touching the surfaces of the metal bodies A and 
B at right angles. These lines of force are thought of as going 
out from the positively charged body and coming in towards the 
negatively chaigcd body. 

Electrostatic attracHon. — The charged bodies A and B, Fig. 
\02a, attract each other. This attraction, which is called elec- 
trostatic attraction, shows that the lines of force of an electric 
field are in a state of tension and have a tendency to shorten very 
much as the lines of force "in a magnetic field. This tension of 
the lines of force pulls outwards on the surface of A and on the 
surface of B at each point 

The electrostatic attraction of two metal bodies which are con- 
nected to a battery or dynamo may be shown as follows : A gold 
leaf is hung alongside of a vertical brass strip. When the gold 

• The electric field is simLUr in many respects to the magoelic field, having a defi- 
nite intensity and a definite direction at each poinL 
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leaf is connected to one terminal of a dynamo and the brass strip 
to the other terminal, the gold leaf is attracted by the brass. It 
is necessary in this arrangement to cover the face of the brass 
strip with a layer of paper to avoid short-circuiting the dynamo 
through the gold leaf. 

The outward pull x>{ the electric field on the surface of a 
charged body is very strikingly shown by pouring a viscous 
liquid over the sharp lip of a charged metal ladle. The liquid is 
pulled into fine jets by the lines of force which emanate from the 
surface of the liquid as it passes over the lip. When melted rosin 
is used in this way the jets congeal into very fine fibers which 
float about in the air. 

J^eed of high eUctromothe force and of good insulalioft. — The 
phenomena described above, in fact most of the phenomena of 
electrostatics, are easily perceptible only when the bodies are 
charged by electromotive forces of many thousands of volts. The 
most convenient method of producing these large electromotive 
forces is by means of the Holtz or Wimshurst electrical machine, 
and, when such a machine is used, the bodies A and B must be 
well insulated, because such electrical machines cannot supply 
charge at a rapid rate, that is, such machines can deliver only 
very small currents. (See Arts. io6 and io8.) 

lite electric spark. — When the electromotive force acting to 
chat^e two bodies A and B, Fig. 102a, is increased more and 
more, a value is eventually reached which breaks down or ruptures 
the dielectric and allows the charge on the bodies to pass in the 
form of an electric spark. 

Mechanical analogue of electrically-charged bodies and of the 
electric field. — Imagine two cavities A and B, Fig. 102^, in an 
extended elastic solid such as rubber or jelly. Imagine these 
cavities to be filled with water and to be connected to a pump by 
means of a pipe so that the pump may draw a certain amount of 
water out of one cavity and force it into the other, thus causing 
one cavity to contract and the other cavity to expand, and causing 
the surrounding mass of rubber or jelly to be strained, the lines 
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of stress or strain being somewhat as shown in the f^re. The 
expanded cavity is analogous to a positively charged body, the 
contracted cavity is analogous to a negatively charged body, the 
stressed condition of the rubber or jelly is analogous to the elec- 
tric field between two charged bodies and the pressure-difference 
of the pump is analogous to 
the electromotive force of 
the battery in Fig. 102a. 

88. Electrostatic capac- 
ity. The condenser. — The 
amount of charge q which 
flows out of B and into A, 
Fig. 102a, when the battery 
is connected is proportional 
to the electromotive force 
of the battery. Therdbre 
we may write 

, - CE (61) 

in which q ts the charge that is drawn out of B and forced into 
A, in Fig. 102a, by a battery of which the electromotive force is 
E, and C is a constant depending upon the size and shape of 
A and B and upon the nature of the intervening dielectric. 
This quantity C is called the electrostatic capacity or simply the 
capacity of the pair of bodies A and B. If the bodies A and 
B are in the form of flat plates of metal separated by a thin layer 
of dielectric their electrostatic capacity is large. Such an arrange- 
ment is called a condenser. Condensers are usually made of 
sheets of tin foil separated by sheets of waxed paper or mica. 
The Leyden jar is a condenser made by coating the inside and 
outside of a glass jar with tin foil. 

Measurement of capacity. — The simplest method of measuring 
the capacity of a condenser is to charge the condenser by a bat- 
tery of known electromotive force E and then measure the 
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charge ^^ CE) by discharging the condenser through a bal- 
listic galvanometer. See Chapter X. 

Units of capacity. — A condenser is said to have a capacity of 
oryt. farad when one coulomb of charge is drawn out of one plate 
and forced into the other plate by an electromotive force of one 
volt ; C in equation (6 1 ) is expressed in ^rads when q is 
expressed in coulombs and E in volts. The farad is an 
extremely lai^e capacity as compared with capacities ordinarily 
met with in practice, and the microfarad (one millionth of a farad) 
is frequently used as a unit The term abfarad is occasionally 
used to designate the cg.s. unit of capacity. A condenser would 
have one abfarad of capacity if one abcoulomb of charge would 
be drawn out of one plate and forced into the other plate by an 
electromotive force of one abvolt One abfarad is equal to 
itf farads. 

Electric absorption. — When a condenser, which has been 
charged for some time, is discharged and then left standing, a 
small amount of additional charge collects on the condenser 
plates so that a second or third discharge may be taken from the 
condenser. It seems as if a portion of the initial charge on the 
condenser were absorbed by the dielectric, this absorbed charge 
being slowly given back to the condenser plates when these have 
been dischai^ed. This phenomenon of electric absorption is 
strictly analogous to the following: A rubber tube which is 
stretched for some time and then released, comes nearly back to 
its initial length at once, and then continues to shorten for a long 
time. If the end of the tube is fixed immediately after the 
release, the tendency of the tube to continue to shorten will 
develop a stretched condition in the tube which will show itself 
by a sudden slight shortening when the tube is released a 
second time. 

89. Uechauical analogue of the coodenser. — Figure 103 shows 
two metal plates AA and BB separated by a dielectric DD 
and connected to a battery. Figure 104 shows a box separated 
into two compartments AA and BB by means of a rubber 
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diaphragm DD and the two compartments are connected to a 
pump P. The electromotive force of the battery in Fig. 103 
forces a certain amount of chaise q into the plate AA, draws 
the same amount of charge out of the plate BB, and subjects 
the dielectric DD to an electrical stress. The pressure-differ- 
ence developed by the pump P in Fig. 104 forces a certain 



M'l'i'i^ 



mter I Kotei- 






amount of water q into the compartment AA, draws the same 
amount of water out of the compartment BB, and subjects the 
rubber diaphragm DD to a mechanical stress. If the pump P 
in Fig. 104 is removed and the two compartments connected by 
a pipe, the mechanical stress of the diaphragm DD will be 
relieved by a momentary flow of water from A to B through 
the pipe. If the battery in Fig. 103 is removed and the two 
plates connected by a wire, the electrical stress of the dielectric 
DD will be relieved by a momentary flow of electric current 
through the wire. When the pump P in Fig. 104 is connected, 
as shown, it causes water to flow out of B into A until the 
pressure-difference developed by the pump is balanced by the 
elastic reaction of the diaphragm DD, and the amount of water 
drawn out of B and forced into A is proportional to the 
pressure-difference developed by the pump. When the battery 
B is connected to the plates in F%. 103, it causes an electric 
current to flow out of B and into A until the electromotive 
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force of the battery is balanced by what one may perhaps call the 
electro-elastic reaction of the dielectric £>£), and the amount of 
charge drawn out of B and forced into A is proportional to 
the electromotive force of the battery. 

The extent to which the diaphragm J?J), Fig. 104, yields is 
measured by the amount of water g which is drawn out of B 
and forced into A, and the yield per unit of pressure-difference is 
a sort of coefficient of elasticity of the diaphragm. The extent 
to which the dielectric DD, Fig. 103, yields is measured by the 
amount of charge q which is drawn out of the plate B and 
forced into plate A, and the amount of yield per unit of electro- 
motive force of the battery {^jE= C) isasortofcoefficientofelec- 
tro- elasticity of the layer of dielectric and it is called the capacity 
of the condenser. It is important to remember that the capacity 
of a condenser is not analogous to the cubic capacity of a vessel 
but that it is analogous to the cubic capacity of a rubber bag, the 
amount of water that a rubber bag will hold depends upon the 
pressure. 

90. InductiTlty * of a dielectric. — If the diaphragm DD in 
Fig. 104 were made of a stiff material like steel, the amount of 
yield per unit of pressure-difference would be very much less 
than if the diaphragm were made of a substance like rubber. 
This is analogous to the fact that the capacity of the condenser 
AB, Fig, 103, with plates of a given size at a given distance 
apart depends upon the nature of the dielectric between the plates. 
The quotient : Capacity of a condenser with given dielectric, 
divided by the capacity of the same condenser with air between its 
plates is called the inductivity of the dielectric. For example, 
the inductivity of petroleum is about 2.04, that is, the capacity 
of a given condenser is about 2.04 times as great when the dielec- 
tric is petroleum as it is when the dielectric is air. A condenser 
is called an air cotideftser, a mica condenser, a paraffin condenser, 
etc., according to the dielectric between its plates. The accom- 
panying table gives the inductivities of a few dielectrics, 

* Sometimes oiled specific indactive capacity. 
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TABLE. 

Inductivitits of various substaneis. 
, 3-10 Shellac .... 



Glass 

Sulphur 3.34-3,84 Mica . . . 

Valcanite a.50 QoarU , . 

Paraffin 1.6S-3.30 TurpeutJae , 

Rosia 1.77 Pettoleutn . 

Wax 1.86 Water . . . 



, 2.95-3-60 
. ... 4-8 



. 73-90 



The inductivity of a dielectric is determined by measuring the 
capacity of a condenser first with air between its plates and then 
with the given dielectric between its plates. See Chapter X. 

91. Dependence of the capacity of a condenser upon size and 
distance apart of its plates. — Using a ballistic galvanometer as 
explained in Art. 88, it may be shown experimentally * that the 
capacity C of a condenser, an air condenser, for example, is 
proportional f to the area a of one of its plates, and inversely 
proportional to the distance x between its plates ; that is, C is 
proportional to ajx, so that we may write 

in which C is the capacity of the air condenser, a is the area 
of one plate (sectional area of the dielectric), x is the dist^ice 
between the plates, and i JB is a constant 

When C is expressed in farads, a in square centimeters, and 
X in centimeters, then the value of \/B, as determined by 
experiment is 884 x io~", so that equation (62) becomes 



^ftradi — ° 



: lO"' 



(«3) 



* Indeed it may be shown from geometrical considerations fnat C must be pro- 
portional U> ajx ; the value of the proportionolitj factor must however be determined 
bj observation. It is pos^ble to calculate the value of ijB from the observed 
velocit]' of light as explained in Art. 146. 

f When a is large compared with x, tbenon.Qniformitj'of Iheelectric lieldnear 
the edges of two parallel oppositely charged plates is negligible, and it is ignored 
throughout this discussion. 
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in which k is the inductivity of the dielectric, x is the thickness 
of the dielectric in centimeters, and a is the area in square 
centimeters of one plate of the condenser (sectional area of the 
dielectric). 

93. Work done by an electromotive force in pushing a given 
amount of charge through a circuit. — Consider an electromotive 
force E maintaining a current / in a circuit The rate at 
which this electromotive force does work is equal to EI, which, 
multiplied by a time t, gives the work done during that time, 
so that W=EIt. But the product It is equal to the charge q 
which is transferred during the time t, therefore we have 

W-Eq (64) 

in which W is the work done by an electromotive force E dur- 
ing the time that charge q is pushed through the circuit. The 
work W is expressed in joules when E is expressed in volts 
and q in coulombs. 

93. The potential energy of a charged condenser. — A charged 
condenser represents a store of potential energy in much the same 
way that the distorted diaphragm DD in Fig. 104 represents a 
-store of potential energy, or in the same way that a bent spring 
represents a store of potential enei^y. When a spring is bent, 
the bending force is at first equal to zero, it increases in propor- 
tion to the amount of bending, and the average value of the 
bending force is equal to one half its ultimate value (that is, the 
value which corresponds to a given amount of bend). Let E 
be the ultimate value of the bending force and q the distance 
through which the end of the spring is moved, then \E is the 
average value of the bending force, which, multiplied by q, gives 
the work done in bending the spring or the potential energy of the 
bent spring. Therefore, the potential energy of the bent spring 
is given by the equation 

W~\Eq 

in which E is the ultimate value of the bending force, and q is 
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the distance through which the end of the spring is moved dur- 
ing the bending. 

In a similar manner, it may be shown that the potential enet^ 
of a charged condenser is 

IV~ i£y (65a) 

in which E is the electromotive force between the plates of the 
charged condenser, and g iz l!.e amount of chaise which has 
been drawn out of one plate and pushed into the other. The 
potential energy IV is expressed in joules when E is expressed 
in volts and g in coulombs. 

A weight is hooked to the lower end of a vertical spring, as 
shown in Fig. 105, and then the weight is released. In this case 
the full value of the weight acts 
upon the spring from the start, 
and the weight oscillates up 
and down for some time before 
coming to rest in its equilibrium 
position. Let E be the pull 
of the earth upon the weight 
and let ? be the distance from 
the initial to the equilibrium 
position, then the total work 
done by gravity after the weight 
has come to rest is equal to E^ 
(pull of earth multiplied by dis- 
tance through which the weight 
has moved), but the potential 
energy which is stored in the 
spring after the weight comes 
to rest in its equilibrium posi- 
tion is equal to ^E^ that is, 

one half of the work which has been done on the weight by 
gravity is stored in the spring as potential energy and the re- 
mainder of the work has been dissipated by the oscillations of 
the weight. 
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When a battery is connected to the terminals of a condenser 
the full electromotive force of the battery begins to act at once, 
and the current surges back and forth through the circuit until 
the system finally settles to equilibrium. When this final state 
of equilibrium is reached, a definite amount of charge q will 
have been pushed into the condenser by the battery, and the 
total amount of work done by the battery will be Eq ; but the 
amount of potential energy stored in the condenser is \Eq, and 
therefore an amount of work \Eq has been dissipated by the 
electrical oscillations of the system, exactly as in the case of the 
spring and weight above described. 

In order that all the work done in stretching a spring may be 
stored in the spring as potential energy, the stretching force must 
begin at zero and increase gradually as the spring is bent more 
and more ; in order that all the work done in charging a con- 
denser may be stored in the condenser as potential enci^, the 
charging electromotive force must begin at zero and increase 
gradually as the condenser beconies charged. If the final value 
of the charging electromotive force is E its average value is 
\E, which, multiplied by the amount of chaise q that has been 
pushed into the condenser, gives the potential energy of the 
condenser. 

The potential energy of a charged condenser may be expressed 
in terms of E and q, or in terms of C and E, or in terms 
of C and q by using equation (6r). Thus, by substituting 
CE for q, equation (6517) becomes 

W= \CE* (65*) 

and by substituting q\C for E, equation (65a) becomes 

W-'.^ (6s.) 

84. Transference of charge by a moving ball. IntenBlty of elec- 
tric field. — Two metal plates A and B, Fig. 106, are con- 
nected to a battery of which the electromotive force is E, and a 
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very small metal ball b is suspended between A and S by a 
silk thread. If this ball is started it continues to vibrate back and 
forth from plate to plate, and at each movement it carries across 
a definite amount of charge q. Every 
time the ball carries charge q across 
from plate to plate an amount of 
charge q flows through the battery, 
the battery does an amount of work 
equal to Eq and this work reappears 
as mechanical work done on the ball 
as it is 

plate by the electric attraction or re- 
pulsion. Let F be the force which 

pushes on the ball, then Fx is the ^" ^ HlMllllllllAllll r ^ 
work done by this force in pushing 
the ball across from plate to plate,* 

^ so that Fx':aEg, or 



fO 



Any region in which a charged body is 
acted upon by a force t is called an electric 
field ; thus the region between the plates 
A and B, Fig. io6, is an electric field, as 
indicated by the fine lines of force in Fig. 
107. 

The force ^with which an electric field 
pulls on a charged body (of small size) 
placed at a given point in the field is pro* 
portional to the charge q on the body so 
that 

*The ball is sopposed to be quite small so that the distance moved by it may be 
taltea to be equal to the distance x between the plates. Under these conditlom the 
ibrce which acta upon the ball is constant throughout its moicment from plate to plate. 

f That is, a force which depends upon the charge on the body and which does not 
exist when the body hu no cbai^e. 
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F=fq (66) 

in which / is the proportionality factor. This quanti^ f is 
called the intensity of the electric field at the point 

Comparing equations (i) and (66), it is evident that the intensity 
of the electric field between the parallel plates AB inFig. io6is 



/- 



(67) 



That is, the intensity of the electric field between the plates is 
equal to the electromotive force between the plates divided by 
the distance between the plates. When E is expressed in volts 
and X in centimeters, the field intensity is expressed in volts per 
centimeter. The intensity of an electric field may also be expressed 
in abvolts per centimeter. 

Direction of electric field at a point. — The direction of an elec- 
tric field at a point is the direction in which the field pulls on a 
positively charged body placed at that point. A line of force in 
an electric field is a line drawn so as to be in the direction of the 
field at each point 

95. Dielectric strength. — The ability of a dielectric to with- 
stand electrical stress or electric field is called the strength of the 
dielectric The strength of a dielectric is measured by the inten- 
sity of the electric field in volts per centimeter which is just suffi- 



i^ 



Pie. 109. 
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cient to rupture it Thus, air at ordinary atmospheric pressure 
is ruptured by an electric field of which the intensity is about 
24,000 volts per centimeter, and kerosene is ruptured by an elec- 
tric field of which the intensity is about 50,000 volts per centi- 
meter. The dielectric strength of a substance varies greatly with 
its degree of purity. 

When an insulating substance is placed between two flat metal 
plates A and B, as shown in Fig. 108, the substance is sub- 
jected to a uniform electrical stress (uniform electric field) when 
the plates are connected to an electrical machine, and the electro- 
motive force required to rupture the substance is quite accurately* 
proportional to the thickness of the insulating layer, provided the 
insulating substance is homogeneous like air or oil ; or, in other 
words, a fairly definite intensity of electric field (volts per centi- 
meter) is required to rupture a homogeneous substance like air or 
oil, and such a substance has therefore a fairly definite dielectric 
strength. Most solid substances, however, are non-homogene- 
ous. Thus, the rubber gum which is extensively used for insu- 
lating wires is " filled " with finely divided clay and is therefore 
non-homogeneous. Sheets of window glass are usually filled 
with fine bubbles and are therefore non-homogeneous. Thick 
sheets of vulcanized fiber are usually charged with moisture in 
the interior and dry near the surface, and they are, therefore, nori- 
hom<^eneous. The electromotive force required to rupture a 
non-homogeneous substance is not even approximately propor- 
tional to the thickness of the layer, and it is therefore customary 
to specify the dielectric strength of solid insulating substances by 
giving the electromotive force required to rupture a specified 
thickness. 

The least roughness of the surface of the metal plates A and 
B, in Fig. 108, or particles of dust floating in the dielectric, pro- 
duce great variations in the value of the electromotive force 
required to rupture a dielectric. The action of these irregular- 
ities of surfece and of floating particles is shown somewhat exag- 

■ See Art. 137. 
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gerated in Fig. 109. In this %ure a floating particle and a 
minute projecting point on the plate B are represented. The 
intensity of the electric field near the point and near the ends of 
the particle is much greater than the average intensity Ejx 
between the plates, and the dielectric begins to give way at these 
places when the field intensity there reaches the breaking value. 



Oil of tarpeDtine 
ParaBiDe oil 
Olive oil 

Persffine (melEed) 
Kerosene oil 
Parafliiie (solid) 
FaraERned paper 



360,000 



CotlgM 




Lines of force of the electric field between two oppositely 
charged metal spheres are shown in Fig. 1 10. In this case the 
electric field is not uniform, 
and the intensity of the elec- 
tric field in volts per centi- 
meter near the surface of one 
of the spheres may be suffi- 
cient to start a rupture, al- 
though the intensity of the 
field at a distance from the 
surface of one of the spheres may be much less than that which 
corresponds to the rupture of the dielectric. Furthermore, the 
electric field intensity in Fig. 1 10 is not, of course, equal to the 
electromotive force between the spheres divided by their distance 
apart, because the field is non-uniform. Therefore the electro- 
motive force required to rupture a dielectric between two metal 
spheres is not proportional to their distance apart 

'From the rorasuremeDts of MacfalUne md Pierce, Pkyiical Revira, Vol. I, 
page 165. 
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96. The spark gauge. — The electromotive force required to 
produce a spark between two polished metal spheres of given size 
in air varies in a definite manner with the length of the air gap. 
If the electromotive forces required for different distances be once 
determined by observation, then any electromotive force may be 
determined by measuring- its sparking distance between the pair 
of spheres. An arrangement for measuring electromotive force 
in this way is called a spark gauge or a spark micrometer. The 
spark gauge is adapted only to high electromotive forces, and the 
results obtained by it are subject to large errors. 

TABLE. 
sparking distancfs in air at i8° C. and 74s mm* prctmre. 
s = length of air gap in o 
r=: redius of spher 



, 1 r = =..5 


r^o.i 


.-.,0 


r=..,CB. 


cm. 


Vol!., 


VoUi. 


Vollt 


Voln 


0,1 


4,830 


4.800 


4.710 






8.370 


8,370 


8,100 




0-3 


n,37o 


".370 


".370 




0.4 


13,800 


14,400 


14,400 




0.5 


15,600 


17,400 


17,400 


.8.300 


0.6 


17,100 


19,800 


20,400 


3i,eoo 


0.7 


18,300 


11,900 


33,100 


34,600 


0.8 


18.900 


24,000 


26,100 


27,300 


0.9 


i9.5'» 


H'l'X' 


28,800 


30,000 




20,100 


27,000 


31,200 


32,700 


I.I 


20,700 




33.300 


3S-700 








35,400 


38,400 


1.3 


11,600 




37,200 


41.100 


1.4 

'■S 


ai.9oo 

M,200 




38,700 
40,200 


a!S 


1.6 






41,400 


48.600 



97. Electric flux. — The product of the intensity of an electric 
field and an area at right angles to the direction of the field is 
called the electric flux across the area , that is, we may write 



1 which 4> is the electric flux across i 
•Heydweiller, Wied. Ann. 48, p. 335, 1893. 
13 



(68) 
square centimeters of 
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area at right angles to an electric field of intensity /. When / 
is expressed in volts per centimeter and a in square centimeters, 
the flux <& is expressed in terms of a unit which may be called 
the volt-centimeter. Electric flux is in many respects similar to 
ma^etic flux, but the two must not be confused, although the 
same letter 4> is here used for both, 

98 Amount of electric flux which emanates from on electric 
charge. — It was shown in Art. 39 that 4,irm units of magnetic 
flux emanate from a magnet pole of which the strength is m, 
that is, the strength of a magnet pole may be expressed in terms 
of the magnetic flux which emanates from it. There is also a 
simple proportional relationship between the amount of chat^ on 
a body and the amount of electric flux which emanates from the 
body, and the amount of charge on a body may be expressed in 
terms of the electric flux which emanates from it. The relation- 
ship between electric chaise and flux will be established for the 
simplest case, namely, the case in which a charge is spread uni- 
formly over a flat surface, as on the flat metal plate of a 
condenser. 

Consider the two parallel metal plates AA and BB, Fig. 
107, the area of each plate being a square centimeters, their dis- 
tance apart being x centimeters, and the electromotive force be- 
tween them being E volts. The lines of force of the electric 
field in the r^on between the plates are indicated by the fine 
arrows, and the intensity of this field is equal to Elx, according 
to equation (67), so that the total electric flux <t> emanating from 
the plate AA is a x Elx. The capacity of the condenser AA 
BB in farads is 884 x io~" x a/j^, according to equation (63), 
so that the chai^ on one plate is equal to 884 x io~'* x aEjx 
(y = CE) which is equal to 884 x io~" x 4>, because a£/x is 
equal to 4> ; therefore 

q — 884 X iO~'* X * 
or 

* " ^!? (69) 
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B~ I 131 X 10" (70) 

(see Art 91), that is, B lines of electric flux emanate from one 
coulomb of positive charge or converge towards one coulomb 
of negative chaise. It is a great kelp towards a clear under~ 
standing of electrostatics to tkink of electric charge, positive or 
negative, as the Beginning or ending of lines of electric force. 

99. Electric field due to a concentrated charge. — Consider a 
concentrated positive charge q from which lines of electric force 
emanate in all directions, as shown in Fig. 1 1 1, and let it be re- 



quired to find the intensity / of the electric field at a point p 
distant r centimeters from the center of q. Describe a sphere 
of radius r with its center at the center of q. The area of the 
surface of this sphere is 47ry*, and the electric field / is every- 
where at right angles to this surface and everywhere the same in 
value at the surface. Therefore the electric flux across the sur- 
face of the sphere is equal to 4wr*x/, and this must be equal to 
Bq according to equation (69), where B has the value given in 
equation {70). Therefore we have 

Bq = 47rrY 
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in which / is the electric field intensity in volts per centimeter 
at a point r centimeters from a concentrated charge of q 
coulombs. 

Equation (7 1 ) applies not only to the ideal case of a concen- 
trated chai^, but also to the case in which the charge is uniformly 
distributed over a sphere. 

100. Electrostatic attraction and repolsIoD of concentrated 
charges. — Consider a concentrated charge ^ at a point distant 
r centimeters from another concentrated charge ^'. The elec- 
tric field intensity at ^ due to q" is given by equation (71), 
namely, 

and according to equation (66), the force with which this field 
acts upon the charge ^ is equal to the product q'f, that is, 

in which F is the form in joule-units * with which the two con- 
centrated charges q' and ^' repel each other when they are at 
a distance of r centimeters apart, / and y" being expressed 
in coulombs. When q' and ^' are both positive or both nega- 
tive, the force 7^ is a repulsion ; when one is positive and the 
other is negative, the force F is an attraction, 

Tht unit of chargf of Ihe " iltclrostaiic sytlem." — The e.g. S. onils of magnetic 
pole strength, mognelic Rcld iDtea^ty, electric current strength, electromotive force, 
electric charge, eleclTostatic capadt<r, etc., which have been used in the foregoing 
chapters constitute whsl is called '^t eltctromagnttic system of units. This "electro- 
magnetic system " starts out with the definition of a unit magnetic pole as a pole of 
such strength that it will exert a force of one dyne upon an equal pole at a distance 
of one centimeter. The so-called ehelroslatic system of units starts out with the defi- 
nition of the unit charge as a charge which will exert a force of one dyne upon an equal 

* Kfoule-unii of force Is a force which will do one joule of work in pulling a bodj 
through a distance of one centimeter ; it is equal to 10^ dynes. 
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diarge at a distance of one centimeter, so tbat, ir the two charges ^ and ^ are 
expressed in "electroaiatic" units, and F in dynes, equation [73) becomes 

F^if (., 

It is convenient to call the electrostatic syslem of unitq the Faraday units in order 
to distinguish them from the c.g.s. units vrhich are employed throughout this text. 
Thos, the Faiadaj unit of electric charge is a charge which will exert a force of one 
dyne npon an equal charge at a distance of one centimeter in air ; the Faraday unit 
of elecliic field intensity is an electric field of such strength that it will exert a force 
of one dyne upon a body which carries one Faiaday unit of charge ; the Faraday unit 
of electric current is the flow of one Faraday unit of charge per second through a wire ; 
the Faraday unit of magnetic field intensity is a lield which will push sidewise with a 
force of one dyne upon each centimeter of a wire carrying one Faraday unit of electric 
current ; the Faraday unit of magnetic pole is a pole of such strength tbat it will be 
acted upon by a force of one dyne in a magnetic field of one Faraday unit intensity ; 
and so on. The electrostatic system of units (Faraday units) are extensively used in 
advanced treatises on Electricity and Magnetism. In this text, however, the electro- 
magnetic system of units will be used, that is to say, either the cg.s. units, such as 
the abampere, tbe abohm, the abvolt, the abcoulomb, the abfarad, etc., or the so- 
called practical units such as the ampere, the ohm, the volt, the coulomb, the farad, 

Numbrr of Faraday units of charge in oni abcmdomb. — A given pair of charges 
attract (or repel) each other with a deflnite force at a given distance apart according 
to equation ( 73 ), in which q and q' are expressed in coulombs and F is expressed 
in joule-units of force. If F is expressed in dynes, the number which expresses it 
must be ten million times as large, so that the right-hand member of equation (72) 
must be multiplied by 10' to give F in dynes. The force with which two concen- 
trated chaises, each equal to one abcoulomb (10 coulombs), would repel each other 
at a distance of one ceotimeter apart is I00^/4ir joule-units of force, or I0'^/4ir 
dynes, according to equation (73) ; by substituting this value of force in equation (i), 
above, placing g'^^q", and solving for q' we find the number of Faraday units ol 
charge in one abcoulomb, namely, 3 X l^^'"- This result is equal to the velocity of 
light in air in centimeters per second. See Art. 146. 

101. Electrostatic attractioii of parallel plates. — Consider two 
parallel metal plates connected to a battery as shown in Fig, 107. 
Let a be the area of each plate, x their distance apart, and E 
the electromotive force between them. The two plates constitute 
a condenser of which the capacity is 

according to equation (63), where k is the inductivity of the 
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dielectric between the plates. The energy of the charged con- 
denser is 

according to equation (6$c). 

Let the battery be disconnected and the plates A and B in- 
sulated so that g cannot change, and im^ine the plates to be 
pulled apart so as to increase their distance by the amount A-r 
(the dielectric being a fluid like air or oil). Then the energy of 
the condenser will be increased by the amount 



This expression for the increase of energy of the charged con- 
denser is easily derived from equation (ii) by assuming x to in- 
crease slightly. TAis increase of energy of the charged condenser 
comes from the work done in separating the plates against their 
mutual attraction. Let F be the force of attraction of the plates, 
then F-^ is the work done against their mutual attraction, and 
this is equal to A^ in equation (iii) so that 



2 ka 
2 ka 



(73) 



in which F is the force in joule-units with which two parallel 
metal plates attract each other, a is the area of each plate in 
square centimeters, q is the charge on each plate (positive on 
one, negative on the other) in coulombs, and B is equal to 
1. 131 X 10". 

It is noteworthy that the force of attraction is independent of 
the distance between the plates and inversely proportional to the 
inductivity of the dielectric, the charge being given. The plates 
are supposed to be very large in comparison with the distance 
between them, according to Art 90. 
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Attraction for a given eUctromoHve force. — The charge q in 
the above discussion is equal to the capacity of the condenser 
times the electromotive force between the plates, according to 
equation (61), that is, 

I kaE 

according to equations (61) and (62). Substituting this value of 
q in equation (73), we have 

_ I koE* , . 

^=^ ^ f74) 

in which F is the force in joule-units with which two metal plates 
attract each other in air or oil, E is the electromotive force be- 
tween the plates, a is the area of each plate, x is the distance be- 
tween the plates in centimeters, and B is equal to 1.131 X 10". 
It is worthy of note that the force of attraction of parallel plates 
is inversely proportional to the square of the distance between 
them and directly proportional to the inductivity of the dielectric 
forgiven electromotive force. 

102. The absolute electrometer is an arrangement for determinii^ 
the value of an electromotive force by measuring the force of at- 
traction of parallel metal plates. wuiKe 
The value of the electromotive 
force is calculated from equa- 
tion (74) when k {k=-\, for 
air), a, x, and B are known, — 

and F is observed in joule- ^ ^ l" 

units. Figure 1 1 2 shows the ^ ** 

essential features of the abso- 
lute electrometer. A portion of area a of the upper plate is hung 
from one end of a balance beam so that the force with which this 
portion is attracted by the lower plate may be counterpoised by 
weights placed upon the scale j>an and thus determined. The 
stationary portion gg of the upper plate completely surrounds 
the portion a and is called the guard ring. Equation (74) is 
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true only for plates which are very large in comparison with their 
distance apart, and this guard ring makes it possible to realize 
this condition approximately without making the moving part a 
of the upper plate inconveniently large. 

The value of the constant B, which appears in equation (62), 
Art 90, which also appears in the equations for electrostatic 
attraction, and which is equal to the amount of electric flux which 
emanates from one coulomb according to equation (69), may be 
raost easily determined by means of the absolute electrometer. 
A known electromotive force ,E is connected to the plates of an 



E- 




wire 




V- 




ji, 



ieetionai view 




FIe. 1131. Fli. 113b. 

absolute electrometer, and the force F is measured, the area a 
of the movable plate and the distance x between the plates be- 
ing known, then the value of B may be calculated from equa- 
tion (74), k being equal to unity for air, 

103. The electrostatic voltmeter consists essentially of a fixed 
metal plate and a delicately poised or suspended metal plate 
which carries a pointer which plays over a divided scale. The 
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electromotive force which is to be measured is connected to the 
two plates and the scale is numbered so as to indicate the value 
of the electromotive force directly. 

The fixed and movable plates of the electrostatic voltmeter are 
usually arranged as shown in Fig. II3(J, in which FF and 
PP are the fixed plates, and MM is the movable plate. Figure 
1 13^ shows an electrostatic voltmeter designed by Lord Kelvin 
for measuring electromotive forces ranging from 80 to 14O volts. 
The movable plate in this instrument consists of a large number 
of vanes which are drawn into the spaces between a lai^je num- 
ber of stationary plates essentially as in Fig. 1 1 30. 

104. Energy and tension of the electric field In air. — Consider 
the charged metal plates AA and BB in Fig. 107; the capac- 
ity of the plates considered as a condenser is 

according to equation (62), where 5e3i.i3ix 10'*. The energy 
of the chained condenser AABB, Fig. 107, is 

according to equation (65^). Therefore, using ijB'ajx for C, 
we have 

■ 2B X . ^' 

This enei^y of the charged condenser resides in the region be- 
tween the plates, that is, in the electric field. The volume of this 
region is ax. Therefore, dividing both members of equation (!) 
by ax, we find 

Eodgy of an electric Geld in I 1 ,j . . 

joules per cubic centimeler J 2B "-'/ 

in which /, which is written for Efx, is the intensity of the 
electric field between the plates in volts per centimeter. 

The force of attraction of the two metal plates AA and BB, 
Fig. 107, is given by equation (74), and this force is transmitted 
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across from plate to plate in the form of a tension of the electric 
field. Therefore dividing both members of equation {74) by a, 
we have the tension of the electric field in joule-units of force per 
square centimeter of section, and in the case of air (^ equals 
unity), we have 



Tension of an electric Reld in jonle-iuiits I I 

aC ka(X per square centimeter of section J 2B 



r 



(76) 



in which /, which is written for £/jr, is the intensity of the 
electric field in volts per centimeter. 

106. Electric potential. — The two heavy black circles in Fig. 
1 14 represent two long parallel metal cylinders one of which is 




positively charged and the other of which is negatively chatted, 
and the fine curved lines (with arrowheads) represent the lines 
of force of the electric field in the region between the charged 
cylinders. The intensity of the electric field at a given point is 
so rocLity vo/ts per ceniimeUr psiTiUel to the lines of force at that 
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point Let the plane of the paper in Fig. 1 14 be a horizontal 
plane, and imagine a hill built upon this plane in such a way 
that its slope lines as seen projected upon the base plane coin- 
cide with the lines of force in Fig. 1 14. If the height of this hill 
is measured in volts then its slope may be expressed in volts per 
centimeter at each point, in fact its slope will be a complete rep- 
resentation of the electric iield in the plane of Fig, 114. The 
Jieight, at a point, of an imagined hill whose slope is everywhere 
equal to the electric field is called the electric potential at that 
point. The heavy curved lines ppp in Fig. 1 14 are the contour 
lines, or lines of equal level, on the potential hill which is im- 
agined to be built as described above. The potential is there- 
fore the same at every point along each of the heavy curved lines 
and these lines are therefore called lines of equipotential. 

The above example refers to the distribution of electric field in 
two dimensions, and in this case the potential hill may be actually 
constructed as a geometrical hill. In general, however, this is 
not possible, that is to say, it is not possible to construct a geo- 
metrical representation of the potential hill. A clear idea of po- 
tential in this general case may be obtained as follows : Imagine 
any given distribution of electric field, the electric field surround- 
ing a charged sphere, for example, and imagine the region sur- 
rounding the sphere to vary in temperature from point to point in 
such a way that the temperature gradient (degrees per centimeter) 
at each point may be equal to the electric field (volts per centime- 
ter) at that point Then the temperature at each point represents 
what is called the electric potential at that point. In this ex- 
ample of the field surrounding a charged sphere, the lines of force 
are radial straight lines and any surface drawn so as to be at 
each point at right angles to the lines of force is a surface of equi- 
potential. 

In order to completely establish the value of the electric poten- 
tial at different points in space, a region oi zero potential must be 
arbitrarily chosen. Then the potential at any other point is 
equal to the electromotive force E between the arbitrarily chosen 
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region of zero potential and the given point. The product Eq 
is equal to the work required to carry chaise q from the region 
of zero potential to the given point, and it is therefore equal to 
the potential energy of the charge g when it is placed at the 
given point 

The idea of potential is important in the mathematical theory 
cX electricity and m^netism, but jts use by students who are 
b^inning the study of the subject of electric!^ and magnetism 
tends to turn the attention away from physical realities. 

Problems. 

115. During 0,03 second a charge of 1$ coulombs passes 
through a circuit. What is the average value of the current dur- 
ing this time ? Ans. 500 amperes. 

116. Suppose the strength of a current in a circuit to increase 
at a uniform rate from zero to 50 amperes in 3 seconds. Find 
the number of coulombs of charge carried through the circuit by 
the current during the 3 seconds, Ans. 75 coulombs. 

117. A condenser of which the capacity is known to be 5 
microfarads, is charged by a Clark standard cell of which the 
electromotive force is 1.434 volts and then discharged through a 
ballistic galvanometer. The throw of the ballistic galvanometer is 
observed to be 15.3 scale divisions. What is the reduction factor 
of the galvanometer? Ans. 469 x io~* coulombs per division. 

118. A condenser of unknown capacity is charged by 10 Clark 
cells in series, giving an electromotive force of 14.34 volts, and 
then discharged through the ballistic galvanometer specified in 
problem 117; the throw of the ballistic galvanometer is observed 
to be 18.6 divisions. What is the capacity of the condenser? 
Ans, 0.608 microfarad. 

119. An electromotive force acting on a condenser increases at 
a uniform rate from zero to 100 volts during an interval of 1/200 
of a second. The capacity of the condenser is 20 microfarads. 
Find the value of the current during the i /200 of a second. 
Ans.' 0.2 ampere. 
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120. An alternating electromotive force which is represented 
by the ordinates of the zigzag line in Fig. 1 1 5 acts on a circuit 
which contains a condenser. The resistance of the circuit is neg- 
ligible, and the capacity of the condenser is 20 microfarads. 



Plot the curve of which the ordinates represent the successive 
instantaneous values of the current. 

121. Two parallel metal plates at a fixed distance apart with 
air between are charged as a condenser and discharged through 
a ballistic galvanometer. The plates are then submerged in tur- 
pentine and again charged and discharged through a ballistic gal- 
vanometer. The charging electromotive force is the same in 
each case and the throw of the ballistic galvanometer is observed 
to be 7,6 divisions in the first instance and 16.7 in the second 
instance. Find the inductivity of the turpentine. Ans, 2,2, 

122. The metal core and metal sheath of a submarine cable 
are separated by an insulating layer of gutta-percha and they 
constitute the two plates of a condenser. One mile of a subma- 
rine cable has a capacity of 0.06 microfarad. What is the ca- 
pacity of 100 miles of the cable? Ans. 6 microfarads. 

123. A condenser is to be built up of sheets of tin foil 12 cen- 
timeters X 1 5 centimeters. The overlapping portions of the sheets 
are 1 2 centimeters x 1 2 centimeters. The sheets are separated 
by leaves of mica 0.05 centimeter thick. How many mica leaves 
and how many tin foil sheets are required for a one-micro^irad 
condenser? Assume the inductixaty of the mica to be equal to 
6. Ans. Mica, 655 ; tin foil, 656. 

124. A condenser is made of two flat metal plates separated by 
air. Its capacity is 0.003 microfarad. Another condenser has 
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plates twice as wide and twice as long. These plates are sepa- 
rated by a plate of glass (inductivity 5) which is four times as 
thick as the air space in the first condenser. What is the capacity 
of the second condenser? Ans. 0,015 niicrofarad. 

12fi. Two metal plates, 100 centimeters x 100 centimeters, are 
separated by 2 centimeters of air. This condenser is charged by 
a battery having an electromotive force of 2,000 volts. What is 
its energy in joules ? Ans. 0.000884 joule, 

126. A flat glass plate, inductivity 5, size 100 centimeters x 100 
centimeters X 2 centimeters, is slid between the metal plates 
specified in problem 125, the battery being left connected to the 
metal plates. What is the energy of the condenser after the 
glass is in place ? Ans. 0.00442 joule. 

127. The 2,000-volt battery is disconnected from the metal 
plates specified in problem 1 26 after the glass is in place and the 
metal plates are thoroughly insulated. The glass plate is then 
withdrawn, the whole charge being left on the metal plates. 
What is the electromotive force between the metal plates after 
the glass plate is withdrawn ? What is the energy of the con- 
denser after the glass plate is withdrawn ? How much has the 
energy been increased by withdrawing the glass ? How much 
force was necessary to withdraw the glass, ignoring friction, 
weight, etc. ? (Assume that the glass is withdrawn sidewise, not 
comerwise.) Ans. 10,000 volts, 0.022( joule, 0.O1768 joule, 
1,768 dynes. 

128. The air condenser specified in problem 125 is charged 
with 2,000 volts, the battery is disconnected and the plates are 
then moved to a distance 3 centimeters apart, charge on the 
plates remaining unchanged. What is the electromotive force 
between the plates after the movement ? What is the increase 
of energy due to the movement ? How much force was neces- 
sary to produce the movement, ignoring friction, weight, etc.? 
Ans, 3,000 volts, 0.000442 joule, 4,420 dynes, 

128. What is the intensity of the electric field between two 
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parallel metal plates, 1 5 centimeters apart, the electromotive force 
between the plates being 25,000 volts? Ans, 1,667 volts per 
centimeter. 

130. A large metal ball is placed in the uniform electric field 
between the plates specified in problem 129 and the ball is acted 
upon by a force of 2. 5 dynes. What is the charge on the ball in 
coulombs ? Ans, 1 5 x lo~" coulomb, 

131. A spark gauge s is connected with two metal plates AS 
as shown in Fig. 1 16. A sheet of paraffined paper 0.002 of an 
inch in thickness is placed 
between A and B and the 
spark gap s is slowly in- 
creased until the paraffined 
paper is punctured. The 
spark gap is then meas- 
ured and found to be 
equal to 0.16 centimeter. 
The radius of the spheres 
of the spark gauge is o. 3 5 
centimeter. Find the value 
of the electromotive force 
required to puncture the 
piece of paper. Ans, 
6,950 volts. 

133, What is the inten- 
sity of the electric field in 
volts per centimeter at a 
distance of 200 centimeters 
from the center of a sphere upon which 0.0002 coulomb of chaige 
is uniformly distributed ? Ans. 4,500 volts per centimeter. 

134. Find the maximum charge that can be held on a sphere 
200 centimeters in diameter in air on the assumption that the 
electric field intensity at the surface of the sphere cannot exceed 
22,000 volts per centimeter without breaking the air down elec- 
trically, Ans. 0.000979 coulomb. 




ftt electric machine 

FiB. 116. 
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135. A very long metal cylinder, lo centimeters in diameter, 
is charged and the amount of charge on each centimeter of length 
of the cylinder is Jx io~" coulomb. Find the intensity of the 
electric field at a point distant 50 centimeters from the axis of the 
cylinder. Ans. 0.108 volt per centimeter, 

136. Find the maximum charge that can be held on each um*t 
length of the cylinder specified in problem 1 3 5 on the assumption 
that the electric field intensity at the surface of the cylinder can- 
not exceed 22,000 volts per centimeter without breaking down 
the air. Ans. 62 x lO"* coulomb. 

137. A liquid covers a horizontal plane at a uniform depth of 
10 centimeters. At a point in this plane there is a hole through 
which the liquid flows at the rate of 1 5 cubic centimeters per 
second. Find the direction and magnitude of the velocity of the 
liquid on the plane at a point distant r centimeters from the 
center of the hole. Ans. 0,238/r centimeters per second. 

138. Two parallel metal plates each one centimeter in diameter 
are placed in pure distilled water at a distance of 10 centimeters 
apart and an electromotive force of 100 volts is connected to the 
two plates. Find the force in dynes with which the plates attract 
each other, the inductivity of the water being equal to 90. Ans. 
32 X io~* dynes. 

139. The entire region throughout a room is a uniform electric 
field directed vertically upwards and its intensity is 2,000 volts 
per centimeter, (a) Choosing the floor as the region of zero 
potential, what is the potential at a point 1 50 centimeters above 
the floor? (S) What kind of lines are the lines of force, straight 
or curved, and in what direction ? {c) What kind of surfaces are 
the surfaces of equipotential, plane or curved, and in what direc- 
tion do these surfaces lie ? Ans. {a) 300,000 volts. {S) Straight 
lines, perpendicular to floor, (c) Plane surfaces, parallel to floor, 

140. Given two parallel metal plates 1 5 centimeters apart to 
which a 10,000-volt battery is connected. Imagine a line X 
drawn straight from plate to plate. Choose the negatively 
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charged plate as the region of zero potential and plot a curve of 
which the abscissas are distances measured along the line X and 
of which the ordinates represent the values of the potential at 
points along this line. 

141. An inclined plane is viewed from above. A series of 
contour lines and of slope lines are drawn upon the plane. Make 
a diagram showing the appearance of these lines as projected 
upon the base plane. 

142. A circular cone is viewed from above and a series of con- 
tour lines and slope lines are seen projected upon the base plane 
of the cone. Draw a diagram showing the appearance of these 
lines on the base plane. 
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CHAPTER VIII. 
THE PHENOMENA OF ELECTROSTATICS. 

106. The voltaic cell (or dynamo) tctsob multiplying devices for 
the prodtictlon of large electromotive forces. — A locomotive engi- 
neer, knowing that an ordinary locomotive can exert about 1 5,000 
pounds of draw-bar pull, and, wishing to observe the behavior of 
a bar of steel when subjected to a stretching force of 1 50,000 
pounds, might arrange to use ten locomotives hitched together to 
exert the desired force ; but if the bar of steel should break, then 
the dormant energy of the locomotives would come into action, 
about io,ooo actual horse-power would have to be taken care of, 
and a terrible wreck would probably be the result. The value of 
a locoinoHve lies in the fact that it can continue to pull even when 
the thing it pulls on yields, as it were, at a speed of 60 miles per 
hour; but for exerting a large force upon a thing which does not 
yield rapidly, some sort of a force-multiplying device, such as a 
screw or a lever, is more convenient and incomparably cheaper 
and safer than a battery of locomotives. 

An electrician, knowing that an ordinary dry cell has an elec- 
tromotive force of about 1.5 volts, and, wishing to observe the 
effects when the air between two metal plates is subjected to a 
high electromotive force, might think of connecting ioo,000 dry 
cells in series to exert 1 50,000 volts ; but if the air should break 
down, then the dormant energy of the battery would come into 
action, about 1,000 actual horse-power would have to be taken 
care of, the apparatus would in all likelihood be destroyed, and 
if the body of the electrician should by accident become a portion 
of the battery circuit, he would be instantly killed. The value of 
the battery or dynamo lies in the fact that it can continue to push 
even when the circuit upon -which it pushes yields at a "speed" of 
many amperes ; but for exerting a large electromotive force across 
194 
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a fairly good insulator which does not yield * to any great extent, 
some sort of an electromotive-force- multiplying device is more 
convenient and incomparably cheaper and safer than a battery of 
dynamos or voltaic cells. 

107. The altematiag-current transformer or iadoctloii coil. — 
One method for multiplying electromotive force is by means of 
the alternating - current transformer, 
which is strictly analogous to a me- 
chanical lever pinned to a very massive 
movable body, instead of to a rigid 
fulcrum, as shown in Fig. 117. Such 
a fulcrum gives way under a steady 
force, but it is sufficiently immovable 
under the action of an alternating force, 
that is, a force which is repeatedly re- i' ■ ■■ • 

versed in direction. The alternating- •* 

current transformer or induction coil 
cannot be used to produce a lai^e steady electromotive force.f 

The mechanical analogue of tke altertiating-current transformer, 
— A lever Aa, Fig. 1 1 7, of negligible mass, is attached to a very 
massive body jW by a pin connection. An alternating force acts 
on the end A causing it to oscillate back and forth along the 
dotted line with great alternating velocity /, and the end a of 

• Ad electromotive force of loo.ooo volts connected to two metal plates each one 
meter square with a plate of Sint glass between (hem two centimeters tfaicii would 
pradace about one len-mill ion-mi I lionlh of an ampere through the plate of glass. 
See table ofspedlic resistances in Art. 14. 

t Accessory devices may, however, be used in conjunctioo with ao alternating-cur- 
rent transformer to produce an approximately steady uni- directional .eleclromolive force. 
One of these devices, the mercury-arc rectifier, is strictly analogous to the mechanical 
device called a ratchet which permits a body to move in one direction only ; and 
another device is the commatator which is anali^ous to Che crank which converts the 
alternating force of a locomotive engine into a pulsating, uni-directional, draw-bar 
pull, which may become fairly steady in value if the moving locomotive is very mas- 
sive. It is Aot an exa^eration to say that no one- can understand the mercury-arc 
rectifier or the commutator or any other electrical or magnetic device or phenomenon 
unless he can reduce il in his mind lo its mechanical equivaleDt, See the Frefoce to 
this volume. 
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the lever oscillates back and forth with a small alternating 
velocity i. If the motion of the end a of the lever is opposed 
by a considerable frictional resistance, requiring a large alter- 
nating force E to overcome it, then a certain small alternating 
force e must act on the end A of the lever to produce the 
required alternating force E. 

One who is familiar with (he actioD of the alteiDatiog ctirreDt transformer may fol- 
low out this mechanica] analogue in all of its details. The alternating velocity of the 
end A corresponds lo the primary current /', and the alternating lelocjty of th« end 
a conespooda to the secondaiy current /'. Immovability of the end a correspimdi 
to open secondary circuit, and entire freedom of motion of the end a corresponds to 
sliorl-drcuited secondary. If the mass M were infinite, the end A could not move 
at all when the cud a is iiied (open secondary), but if the mass M Is finite, then a 
given alternating force E' acting on the end A would cause some motion of the end 
A, even if the end a were rigidly fixed, and this motion of the end A corresponds 
to the magnetiiing current of the tnnsformei. 

108. The electrical donbler. — The device which is most fre- 
quently used for building up intense electrical fields (high elec- 
tromotive forces) is shown in its simplest form in Figs, 1 1 8 to 121. 





It is desired to build up a very intense electrical field between a 
metal plate AA and one side of a hollow metal vessel BB. A 
metal ball C, called a carrier, is attached to an insulating handle 



Dicized by Google 



THE PHENOMENA OF ELECTROSTATICS. 



197 



by means of which it can be brought into contact with the point 
/ and then pushed into the interior of BB and brought into 
contact with BB, repeatedly. Each time the carrier touches the 
point p it receives a certain amount of charge from the battery 
b, or in other words, a bundle of lines of force conies into exist- 
ence between C and A A as shown in Fig. 118, As the car- 





rier is moved into the hollow vessel BB, the bundle of lines of 
force trends as shown in Fig 1 19, and work has to be done to 
move the carrier against the pull of these lines of force. As the 
carrier is moved into BB the lines of force from C to AA 
are cut in two, as it were, one after another, by the metal wall at 
w, the portions of the lines of force which pass from C to AA, 
as shown in Fig. 1 20, are then obliterated by bringing C into 
contact with B, and the carrier C is left entirely neutral as 
shown in Fig, 121, E^h repetition of the above movements of 
the carrier C " strings " an additional bundle of lines of force 
from A to B and thus increases the intensity of the electrical 
field between A and B. 

The production of a very large electromotive force between 
A and B in Figs. 1 18 to 121 by the to and fro motion of the 
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carrier C is somewhat analogous to the production of an intense 
stress in a steel block AABB, Fig, 122, by stretching small 
rubber bands, like Ji, and placing 
them over the block, one after an 
other. The simplest mechanical an- 
alogue of the electric doubler, how- 
ever, is the building up of intense 
stresses in a drum by winding upon 
it a string or wire under consider- 
able tension.* 

In the electrical doubler which is 
p,g_ ,23_ represented in Figs 118 to 121, the 

carrier C receives charge repeatedly 
from a battery i. The frictional electrical machine and the influ- 
ence electrical machine employ the principle of the electrical 
doubler. In these machines, however, the carrier b charged not by 
a battery of voltaic cells, but by either of two peculiar electrical 
processes, namely, (a) charging by contact and separation, or {S) 
charging by influence.^ These two processes are described in 
"A very interesting example of this action is descHbed on page 339 of the third 
volaroe of Lord Kelvin's Popular Ltcturts and Addrtssn. When Lord KeWia was 
canjing out bis first experiments on deep sea sounding, the long piano-steel wire 
nhich w^ used was wound 
upon a beavymetal drum, and 
tbe stress in the drum became 
great enough to bend it out of 

■f The simplest device com. 
bioing charging by injtuinct 
and the doubling action which 
is described in connection with 
Figs. 118 lo 121 is shown in 
Fig. 123. The hollow metal 
vessels A and B have ■ cer- 
tain amount of charge to begin 
with. Two flat metal carriers 

Cand D each having an iosu- P,j_ [23, 

lating handle, are placed be- 
tween A and B and brought into contact with each other as shown. The result is 
that the lines of force from A to B arrange themselves as shown in the ligure, and 
then the carriers Cand £> ma; be separated from each other, carrier C being moved 
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the following articles, and tn order to obtain a clear understanding 
of the frictional electric machine, of the Toepler-Holtz electrical 
machine, and of the Wimshurst electrical machine, it is important 
to keep in mind the fact that every one of these machines involves 
the principle of the electrical doubler, inasmuch as the carrier or 
carriers pass between two conducting bodies to both of which they 
give up their charges, so that these two conducting bodies take 
the place of the hollow vessel BB in Figs. 1 18 to 121. 

109. Charging by contact and separation. — The production of 
electric charge by the rubbing together of certain substances is 
one of the most familiar of the phenomena of electricity. When 
a cat is stroked with the hand in a dry room, the cat's fur and 
the hand become oppositely charged, and the crackling sound 
which is produced is due to the production of minute electrical 
sparks which may be seen if the room is dark. A hard rubber 
comb becomes strongly charged when it is passed through very 
dry hair, and the comb will attract small bits of paper or pith. 
When pencil marks are erased from a very dry piece of paper by 
means of a rubber eraser, the paper becomes charged and it 
clings to the drawing board or table. 

Two substances when brought into contact always tend to 
settle to a state of equilibrium in which electric lines of force 
pass from one substance to the other across the very thin air 
space between them. Thus, two flat plates of zinc and copper 
settle to equilibrium with an electromotive force of about 0.9 
volt between them, so that the intensity of the electric field in the 
very narrow space between the plates may be several thousands 
volts per centimeter. If the plates are thoroughly insulated and 
moved apart, the electric field intensity (volts per centimeter) re- 

into the interior of B and brought into contact with B, and carrier D being mo»ed into 
the ioterior of A and brought into contact with A. The result ii that the buodle 
of lines of force Irran if to C in Fig. 123 is stretched across from A to B, and 
the bnadle of lines of force fiom Z> to £ is stretched across from A \o B thni 
iucreasiog the total number of lines of force from A lo B. Tat revehiittg douMtr 
of Lord Kelrin is a mechanical device for perfoiniing the operations here described, 
the caniers C and D being mounted Dpon a rotating, insulated ana. 
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mains unaltered, so that the electromotive force between the 
plates may be increased to several thousands of volts. Thus, the 
very fine lines in Figs. 124 and 125 represent the electric field 




between the copper and zinc plates when they are close together 
and after they have been separated to a considerable distance. 

In order to produce an intense electric field by separating two 
metaJ plates, the plates must be very flat, and they must be 
separated in such a way as to avoid a lingering contact between 
them. When both of the substances are good insulators, how- 
ever, they always retain their charges (one positive and the other 
n^ative) when they are moved apart, and the intervening region 
becomes an intense electric field. This phenomenon is called 
charging by contact and separation. In order to bring sealing 
wax and fur, or glass and silk into intimate contact, vigorous 
rubbing is necessary, and therefore chaining by contact and 
separation is frequently spoken of as charging by friction. 

To understand the phenomenon of charging by contact and 
separation it is important to keep in mind that the charging is 
done by contact (no one knows exactly how), and that the crea- 
tion of an intense electrical field throughout a large region is ac- 
complished by separation. In this case the electrical field is 
wound up,* as it were, by pulling the charged surfaces apart, and 
the work done in pulling the charged surfaces apart against their 
force of attraction (tension of the lines of force) is the work that 
goes to establish the field in the larger and larger region between 
the receding surfaces. 

* In the sCDse of winding up ■ spring eo as to put it under stte&s. 
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110. The ftictional electric machine. — This machine consists of 
a rotating glass disk DD, Fig. 126, the various parts of which 
come in succession into intimate contact with two leather 
cushions AA which are impregnated with an amalgam of tin, 
zinc and mercury. The surface of the glass plate as it leaves 
these cushions is left highly charged with positive electricity, and 




the cushions are left negatively charged. The negative charge 
(lows into the insulated conductor N which is connected to the 
cushions by means of the metal springs SS, and the positive 
chaise is carried on the surface of the glass disk to the collecting 
combs CC whence it flows into the insulated conductor P. 
Two silk aprons pp, one on each side of the rotating disk, tend 
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to prevent the escape of the positive charge from the surface of 
the disk.* 

111. Charging by Influence. — The Amplest example of charg- 
ing by influence is that wliich is described in connection with Fig. 

123. Charging by influence is 
essentially the cutting of lines 
of force in two by two sheets 
of metal so that the ending of 
the lines of force on one sheet 
constitute a new negative 
charge and the beginning of 
the lines of force on the other 
sheet constitute a new positive 
charge. Let A, Fig, 127, be a 
charged body from which lines 
of force emanate. When a 
metal ball 3 is brought near to 
A, the lines of force converge 
upon one side of B and divei^e from the other side as shown in 
the figure ; if a second metal ball Cis brought into contact with 
B, as shown in Fig, 128, then the lines of force converge upon 
B and diverge from C, and the two balls B and C retain their 
charges when they are separated and removed to a distance from 
A. This operation is called charging by influence, and it results 
in the production of equal amounts of positive and negative elec- 
tricity (on B and C respectively) while the original influencing 
charge on A is undiminished. Charging by influence is exem- 
plified by the operation of the electrophorus. 

112. The electrophorus is a device for the production of chai^ 
by influence. It consists of a rosin or hard rubber plate D, 

* The fiictioiiBl electric madiiDC iDvolvej the priociple of the electric doublet, but 
it is DQt worth vhile to eiamme mioutelf into the manner in which the lines of force 
are drawn out as it were and "strung" across from P ia N, ai the varioiw parts 
of the glass plate leave the cushions A A. The above account, which is based od the 
idea that positive and negative electricities are two fluid-like suhstances, ii 
intelligible for present purposes. 
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Fig, 129, which has been electrified (negatively) by rubbing it 
with a piece of fur or flannel, and a metal disk M with an 




Mrrr^ 



TTT^ 



insulating handle H. When the metal disk is brought near to 
the negatively charged plate of rosin and touched with the finger 
it is left with a charge of positive electric- 
ity, and this charge remains on M, when 
M is removed to a distance from D. This 
operation may be repeated indefinitely.* 

113. Influence dectrical machlaes. — The 
electrophorus is the simplest arrangement 
for the generation of charge by influence. 

If the metal carrier M of the electrophorus is thrust into a 
hollow metal vessel and touched to its walls, it gives its entire 
charge to the hollow vessel, whatever the previous charge on the 
vessel may be, and thus it is possibe to generate any desired 

*The description here giTcn of (he operatiDa of the electropbonu u reallj' inade- 
qnate. The metal pan which contaias the rosin plale plays an important part in the 
operation of the electrophorus as is evident from the fact that the electropbotns does 
not operate satisTactoril;^ when the metal pso is insulated from the floor and walls of 
the room b; being placed upon an insulating support. 
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electromotive force between the hollow metal vessel and the 
walls of the room. In the Toeplcr-Holtz machine and in the 
Wimshurst machine, metal carriers are fixed to a rotating glass 
disk or disks so that at one part of their path these carriers 
become charged by influence and at another part of their path 
they pass between two pieces of metal which act like the hollow 
metal vessel in Figs. Il8 to 1 21, thus combining the principle 
of the electrical doubler with the principle of the electrophorus. 
The inducing charge (which corresponds to the chaise on the 
rosin plate of the electrophorus) in the Toepler-Holtz machine 
and in the Wimshurst machine is generated by the machine itself 

Reversibiliiy of influence machines. — The Toepler-Holtz ma- 
chine and the Wimshurst machine may be used as electric gen- 
erators as described below, in which case they must be supplied 
with mechanical power and they deliver electrical charge at high 
electromotive force; or they may be used as electric motors in 
which case they must be supplied with electric charge at high 
electromotive force from some outside source, and they deliver 
mechanical power. Thus, a very lai^e Toepler-Holtz machine 
driven at high speed may deliver a steady current of o.OOi of an 
ampere (one thousandth of a coulomb of charge per second) at an 
electromotive force of, say, 100,000 volts. This corresponds to 
an output of lOo watts of power, and if the friction losses in a 
second similar machine are very small, the second machine may 
be driven as a motor, 

114. The Toepler-Holtz machiae. — A general view of the 
Toepler-Holtz machine is shown in Fig, 130. It is difficult to 
show in a diagram the essential features of such a machine in 
which the carriers are arranged on a glass disk. Figure 131 
shows a possible form of Toepler-Holtz machine in which the 
carriers are fixed to a rotating glass cylinder which is surrounded 
by a stationary glass cylinder upon which the "inductors" 
AA and BB (which carry the inducing charges) are supported. 
The neutralizing rod is a stationary metal rod with metal brushes 
at its ends, and the figure shows the metal brushes 2 and 4 in 
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contact with the metal buttons which project from two of the 
carriers. The result is that these two carriers become charged 



under the influence of the positive and negative charges on AA 
and BB, the upper carrier being negatively chai^d and the 



+ 

+ 



+ 

^ 



lower carrier being positively charged. The rotation of the inner 
cylinder then moves the carriers in the direction of the curved 
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arrows until the carriers come under brushes 5 and 6 where they 
part with a portion of their charges, thus replenishing inducing 
charges on AA and SB. The carriers are then moved into 
the space between AA and A' A' on the one hand and into the 
space between £B and B'£' on the other hand where they 
come into contact with the brushes 1 and 3, thus giving up the 
remainder of their charges to the metal terminals TT of the 
machine. When a spark is formed between the metal terminals 
TT", the bodies A' A' and B'B' become completely discharged, 
but the induced charges on AA and BB remain and the 
machine continues to operate. 

The Toepler-Holtz machine is self-exciting, that is to say, the 
extremely minute electromotive forces due to the contact of the 
metal brushes with the metal buttons on the carriers are sufficient 
to start the operation of charging by influence, and the action of 



the machine is then rapidly intensified by the doubling action 
which takes place. 

lis. The Wimshurst machine. — A general view of the Wims- 
hurst machine is shown in Fig. 132. It consists of two oj^ra- 
sitely rotating glass disks on each of which a number of metal 
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carriers arc fixed. Stationary neutralizing rods are placed one 
on each side of the machine, each inclined at an angle of approxi- 
mately 45° to the horizontal, and the chaise on one disk as it 
travels towards the collectors serves as the inducing charge for 
the other disk. 

The inducing action of the Wimshurst machine may be ex- 
plained as follows : Figure 133 represents two glass plates AB 



and CD. One of these plates is charged as indicated by the 
plus signs, and the lines of force from this chaise converge upon 
the metal point P which is at one end of a neutralizing rod. 



The electric field in the neighborhood of P is sufficiently intense 
to break down the air between P and the glass plate C£f, thus 
leaving negative chai^ on the glass plate CD as shown in 
Fiff- 134- 

The small portion of the surface of CD which faces the point 
P is thus negatively charged and the amount of chaise on this 
small portion is numerically equal to the amount of positive 
charge on the larger part of AB from which emanate the lines 
of force that have been broken down between P and CD. If 
the plate CD is moved to the left in Fig. 134, fresh lines of 
force crowd into the space between the point P and the plate 
CD, they continue to break down as in the first instance, and the 
entire surface of CD, as it moves out from under the point 
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P, is left much more strongly charged than the plate AB. 
The plate AB may itself be chained by moving it in front of a 
point P' under the inducing action of CD as shown in Fig. 



y 



i+ +++++++++ 



135. Under these conditions, the chaises on AB and CD will 
grow more and more intense until checked by the rapidly increas- 
ing leakage from the surfaces of the plates. The negative charge 
on CD, Fig. 1 35, after it has passed beyond the point P', and 




Fk- I3b- 



the positive charge on AB, after it has passed beyond the point 
P, may be collected and used for any purpose. 

Figure 136 shows the essential features of a complete Wims- 
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Re. 137. 



hurst machine consisting of two coaxial glass cylinders rotating 
in opposite directions. The negative charges on both cylinders 
are collected by the double metal comb on the left as the rotating 
cylinders pass between the prongs of the comb, and the positive 
charges of both cylinders are collected by 
the double comb on the right, 

lie. Electroacopes. — An electroscope is 
a device for indicating the existence of an 
electric chai^, or for detecting an electric 
field 

The pith baU electroscope consists of a 
gilded ball of pith suspended by a silk thread. 
The presence of an electric field in a given 
region may be shown by charging the pith ball, and noting the 
force which acts upon it when it is placed in the given region, 
the direction of the field being indicated by the direction of the 
force which acts upon the ball. 

A pith ball may be hung alongside of a body of metal, as 
shown in Fig. 137. If the body of metal is charged, a portion 
of the charge is given to the ball, and the lines of force which 
emanate from the ball pull it outwards from the body as shown 
in the figure. 

The essential features of the gold leaf electroscope are shown in 
Fig. 1 38. A metal rod R is supported in the top of a glass case 
cc by means of an insulating plug, a metal disk D is fixed to 
the upper end of the rod, and two gold leaves are hung side by 
side from the lower end of the rod. The glass case cc serves to 
protect the gold leaves from air currents. The sides of cc are 
lined with strips of metal foil ff, and these pieces of metal should 
be connected to earth. When the disk, rod and leaves are charged, 
the leaves are pulled apart by the lines of force which emanate 
from the leaves and terminate on the strips ff as shown in Fig. 
139. This figure shows the instrument without the enclosing 
case for the sake of clearness. 
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The behavior of a gold leaf electroscope when a charged body is 
brought near to the plate Z) is as follows : (i) When the elec- 
troscope has no initial chaise, some of the lines of force pass 
from the cliarged body into the disk and then spread out from 
the leaves to the strips ff, causing the leaves to diverge. If 
the charged body is removed the electroscope becomes neutral 
and the leaves fall together. If, while the charged body is near 
D, the disk or rod is touched with the finger, the lines of force 
passing out from the leaves cease to exist, and the leaves fall to- 
gether. If now, the charged body is removed, the lines of force 
passing into the disk from the charged body spread over the disk, 
rod and leaves, and the electroscope is left charged, as indicated 
by the divergence of the leaves. This operation, called charging 
by influence, is explained more fully in Art. 1 1 1. 

(2) When the electroscope has an initial charge, say a positive 
charge, then a positively charged body brought near to D pushes 
the initial charge down into the leaves, as it were, and the diver- 
gence of the leaves is increased. If a n^jatively charged body 
is brought near to D, the positive charge on the leaves is pulled 
up into the disk, as it were, by the attraction of the negative 
charge on the body, and the divergence of the leaves is decreased. 
If the negatively charged body is brought nearer, the leaves will 
come together ; and if the negatively chained body is brought 
still nearer the leaves will again diverge. 
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The behavior of a positively charged electroscope when a 
negatively charged body is brought near to it, is the same as its 
behavior when it is negatively charged and a positively charged 
body is brought near to it 

117. Electric chaige resldefi wholly on the surface of a charged 
conductor. Electrical screening. — The electrostatic phenomena 
exhibited by charged conductors are precisely the same whether 
the bodies be solid or hollow ; 
and, if the bodies be hollow, 
no effect of the charges can be 
detected inside of them how- 
ever tiiin their walls may be. 
The lines offeree of the electric 
field end at the surface of the 
charged conductor or, in other 
words, the electric charge re- 
sides wholly on the surface of a 
charged conductor. 

A conducting shell, such as 
a metal box, screens its interior 

completely, so that no action of any kind reaches the interior from 
charged bodies outside.* Thus, a hollow metal ball C, Fig, 
140, screens its interior completely. The lines of force which 
touch the shell C end at its surface. The ending on C of the 
lines of force from A is negative charge and the beginning on 
C of the lines of force which reach B is positive charge. 

The fact that electrical field cannot penetrate into a substance 
like a metal shows that such substances cannot sustain the pecul- 
iar kind of stress which constitutes electrical field any more than 
a fluid can sustain the kind of stress that exists in a stretched 
steel wire. 

Mechafdcal analogue of electrical screening. — Consider a solid 
body B, Fig. 141, entirely separated from the surrounding solid 
by an empty space eee. Stress and distortion of the surroundii^ 

* Tbis is not strictly tnie when the outside cooditiom are changing rapidly. 




,„i,z.d by Google 



312 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

solid cannot affect B in any way, and conversely stress and dis- 
tortion of B cannot affect the surrounding solid because the 
empty space is incapable of transmit- 
ting stress. This empty space in its 
behavior towards mechanical stress is 
analogous to a conducting substance 
in its behavior towards electrical 
stresses (electrical field). 

118. A charged condactor shares its 
p.^ i^j charge with another condactor which 

is brought into contact with it. — Fig- 
ure 142 shows the lines of force in the neighborhood of a charged 
conductor A. When another conductor B is brought into con- 
tact with A, the lines of force arrange themselves as shown in 
Fig. 143. The charge which was originally on A spreads over 
A and B, as indicated by the ending of the lines of force. 




119. Faraday's experiment. — A charged body 
is lowered into a metal vessel and the opening of the vessel is 
closed with a metal lid. As the body is lowered into the vessel, 
each line of force that emanates from B is cut in two, as it were, 
by the wall of the vessel so that, when B is entirely enclosed 
by the vessel, as many lines of force emanate from the external 
surface of the vessel as from the body B, and all the lines of 
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force which emanate from B terminate on the inner surface of 
the vessel. Therefore, if -\-q is the amount of charge on B, 
— ^ is the amount of charge on the inner surface of the vessel 







m 



and + y is the amount of charge on the external surface of the 
vessel in Fig. 145. 

After the body B has been completely enclosed by the metal 
vessel as shown in Figs. 145, 146, and 147, the distribution of 
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the electrical field outside of the vessel does not depend in any 
way upon the position of the body B inside the vessel, and, if 
the body B is brought into contact with the wall of the vessel, 
the lines of force which emanate from B disappear, no charge is 
left on B and no charge is left on the inner surface of the 
vessel. 

120. Giving up of entire charge by one body to another. — 
When the body B, Figs. 144, 145, 146, and 147, is lowered 
into the vessel and allowed to touch the walls of the vessel it loses 
all of its charge and remains without charge when removed from 
the vessel, and the charge on the outside of the vessel is equal to 
and of the same sign as the original charge on B. The body B 
may thus be said to give up its entire charge to the vessel. 

121. Convective discharge and disruptive discharge. — Consider 
the positive and negative charges at the ends of a bundle of lines 
of force. In order that these charges may disappear, it is neces- 
sary that the lines of force be annihilated. This may be accom- 
plished by the moving of the charged surfaces towards each other 
until they are coincident, or the dielectric which sustains the elec- 
trical stress may break down. In the former case, we have what 
is known as connective discharge, and, in the latter case, we have 
what is known as disruptive discharge, 

Convective discharge is to some extent analogous to the re- 
lieving of a stretched rubber band by allowing its ends to move 
towards each other. Disruptive discharge is somewhat analo> 
gous to the relief of a stretched rubber band by rupture. 

Examples. — (a) Two metal plates AA and BB in Fig. 106, 
being disconnected from the battery, might be dischat^ed 
(the electric field be made to disappear) by moving the plates 
together. 

{p) The transfer of chat^ by a moving ball, as described in 
Art. 94, is convective discharge. The ball gathers in the ends 
of a bundle of lines of force when it touches one plate and it 
shortens these lines until they disappear as it moves across to the 
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Other plate. Figures 148 to 151 show the successive aspects of 
the electric field while the ball is moving once across from plate 
to plate. 

(c) The electromotive force between the two metal balls A 
and B, Fig, 1 10, may be increased until the intervening dielec- 





tric breaks down, causing the formadon of an electric spark. An 
electric spark is a conducting path, like a wire, and its efllect is to 
completely discharge the two balls A and B. 

122. Progress of the electric spark. — Let A and B, Fig. 
152, be two metal balls upon which electric chat^ has accumu- 
lated until the Intensity of the electric field has reached the 
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breaking point of the intervening dielectric The rupture of the 
dielectric starts in the region of greatest electric stress,* as indi- 
cated by the short thick line projecting from the surface of A 
in the figure. Along the line of this rupture the dielectric is a 




good conductor, and the lines of force on all sides move sidewise 
into the rupture as indicated by the arrows, producing a greatly 
intensified electric field at the end of the rupture so that the rup- 
ture extends further and further until it reaches B. 

This extension of an electric rupture or spark through 3 region 
in which the intensity of the electric field is originally much be- 
low the breaking value of the dielectric is analogous to the fol- 
lowing : A pane of glass is slightly bent and then scratched near 
one edge so as to start a crack. The efiect of this crack is to 
greatly intensify the stress in the glass at the end of the crack 
and the crack therefore quickly runs across the pane. 

When the electric rupture has extended itself across from A 
to B in Fig. 152, a conducting line or path is established from 
A to B, and all of the charge on A and B disappears, that 
is to say, the electric field between A and B disappears. 

123. The brush dischaige. — The discharge in air from a body 
of metal which stands at a distance from surrounding bodies is in 
some respects different in character from the spark discharge be- 
tween two oppositely charged conductors which are not too far 
apart. Figure 153' represents the lines of force spreading out 

* This rupture always starts in air at the surface of the poaitiTcIf charged ball, nn- 
less the sai&ce of the other ball Is much more sharply carved. 
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from a positively charged metal ball. If the ball is sufficiency 
charged the electric field near its surface reaches the breaking 
point of the dielectric, and the rupture starts as described in Art 




122, but in this case the rupture very soon extends into a region 
wher^ the field was originally veiy much less intense than at the 
sur&ce of the ball, and such lines of force as have moved side- 




wise into the rupture and have partially (that is, through a portion 
of their length) broken down, now form in a widely divei^ent 
bundle from the end of the rupture as shown in Fig. 1 54 (com- 
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pare Fig. 154 with Fig. 152). The result is that the rupture 
divides into many branches which penetrate into the surrounding 
air in the form of a tree or brush. This type of dischai^e is called 
the brtish discharge, and it is most readily formed in a region 
where the lines of electric force are widely divergent, as near a 
pointed projection on a charged conductor. The brush dischai^e 
forms more readily on a positively charged conductor than on a 
negatively charged conductor, and the positive brush is very dif- 
ferent in character from the negative brush. 

1S4. Electric discharge from metallic points. — A body of metal 
which has a shaqj point can scarcely be charged at all, because 
of the fact that a very slight charge on the body produces a very 
intense electric field in the neighborhood of the sharp point, the 
lines of force in this region break down, and the lines of force be- 
come detached from the conductor, ending upon charged portions 
of the surrounding air. Thus, Fig. iSJrt represents a metal ball 



with a sharp metal point, and Fig, 155^ represents the state of 
ailairs after the lUr has broken down in the neighborhood of the 
sharp point where the electric field is very intense. 

The tension of the lines of force cd in Fig. 155* pulls the 
positively charged air away from the point, forming a blast of 
air. If the ball is connected to an electric machine so as to be 
continually supplied with charge, new lines of force continually 
replace those that are broken down and a continuous blast of air 
is produced which is sometimes strong enough to blow out a 
candle. 
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Figure 1 56 shows the bent end of a metal rod with a sharp 
point at P. When the lines of force emanate from all parts of 
the rod as shown in the figure, the total force acting on the rod 
is zero, if it b at some distance from surrounding objects. When, 
however, the lines of force near 
the point break down, they no 
longer pull on the rod, therefore 
the pull due to the lines of force 
at I* is unbalanced, and the rod 
is acted upon by a force pulling 
it to the left. The electric v/hirl 

is an arrangement of pointed rods bent as shown in Fig. 157, 
and mounted on a pivot on an insulating stand. When this 
arrangement is connected to an electric machine, it is set into 
very rapid rotation by the unbalanced pull of the lines of force 
which emanate from the portions 
b of the rods, as shown in Fig, 
IS6. 

125, The mechanical theory ctf 
electricity and the atomic theory 
of electricity, — The study of elec- 
tricity and magnetism as repre- 
sented in the foregoing chapters 
(with the exception of several mat- 
ters which are discussed in Chap- 
ter I) is independent of any con- 
sideration of the nature of the physical action which leads to 
the production of electromotive force by a voltaic cell or dynamo; 
it is independent of any consideration of the nature of the physical 
action which constitutes an electric current in a wire ; it is inde- 
pendent of any consideration of the nature of the disturbance which 
constitutes a magnetic field ; and it is independent of any con- 
sideration of the nature of the disturbance or stress which consti- 
tutes an electric field. This kind of study of electricity and mag- 
netism may very properly be called electro-mechamcs. 




Fit. 187. 
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The science of mechanics is, in a broad sense, the study of those 
phenomena which depend upon the mutual actions of bodies in , 
bulk. Thus the study of the behavior of a railway car under the 
combined action of the pull of the locomotive and the drag of the 
track belongs to the science of mechanics. The study of the beha- 
vior of a magnet in the neighborhood of an electric circuit belongs 
to the science of mechanics. The study of the behavior of two 
electrically- charged bodies belongs to the science of mechanics. 

Simple mechanics is the study of ordinary bodies at rest or in 
motion, and one of the most important ideas in the science of 
simple mechanics is the idea of force ; but the science of mechanics 
is not concerned with, and it sheds no light upon the question as 
to the exact physical nature of force. Thus, the science of 
mechanics is not concerned with the question as to the nature of 
the action which takes place in a gas causing the gas to exert a 
force on a piston ; the science of mechanics b not concerned with 
the question as to the nature of the action which takes place in 
the material of a stretched spring causing the spring to exert a 
force ; the science of mechanics is not concerned with the nature 
of the action between tlie earth and a heavy weight causing the 
earth to exert a force on the weight ; the science of mechanics is 
not concerned with the nature of the action which takes place 
between two bodies which slide over each other and which leads 
to the production of the force of friction. It is sufficient for the 
science of mechanics that , these actions are what may be called 
states of permanency of the respective systems. Thus, to say that 
a gas in a given cylinder pushes with a force of loo pounds on a 
piston, is to specify a definite result of a definite condition or state 
of the gas, and it is this definite result that is important rather 
than the details of the physical action which is taking place in the 
gas. In fact, the science of mechanics owes its existence to the legiti- 
macy and usefulness of the idea of force irrespective of the nature 
of the physical processes upon which force action depends* 

*A very remBTkable discussion "Od the Scope of MecbsDicsl Explanation and 
on the Idea of Force" ii given in Appendix B, pages 268-3SS, of Larmor's 
jEther and Matter, Cambridge, 1900. 



Dicized by Google 



THE PHENOMENA OF ELECTROSTATICS. 221 

Similarly, it is sufficient for the science of electro-mechanics 
that the physical actions which underlie electromotive force, elec- 
tric current, magnetic field and electric field are what may be 
called states of permanency ; thus, to say that a current of ten 
amperes flows through a wire is to specify a definite effect of a 
definite condition or state of the wire, and it is the correlation 
between the definite condition and the definite effect that b im- 
portant rather than the details of the physical action which is 
taking place in the wire. In fact, tke science of electro-mechamcs 
owes its existence to the legitimacy and usefulness of the ideas of 
electromotive force, electric current, magnetic field and electric field, 
irrespective of the nature of tke physical actions upon which these 
various things depend. 

The superficial character * of the science of simple mechanics and 
of the science of electro-mechanics may be further exemplified as 
follows : Let us consider, on the one hand, the idea of tensile 
strength. A piece of steel is broken by a tension of I20,000 
pounds per square inch, but the exact character of the action 
which takes place in the steel and which constitutes the tension 
of the steel, and the exact character of the physical action which 
takes place in the engine or motor which operates the testing 
machine and subjects the rod of steel to tension are not matters 
for consideration. Indeed, nothing at all is known fundamentally 
as to the physical action which constitutes the tension of a bar of 
steel. Let us consider, on the other hand, the idea of dielectric 
strength. A plate of glass is broken down by an electric field of 
9S,000 volts per centimeter, but the exact nature of the stress 
which constitutes the electric field and the exact character of the 

* V^st has been said above concerning the Scope of mechanics maf be exempUlied 
u follows : Simple mechanics is concerned with the correlalioD of measurable eflTects, 
such OS the relaliooship between the aiie of a beam and the load [t cbd carry, the size 
of a fly-wheel and the work it can do when it is stopped, the thickness and diameter 
of a boiler shell and the pressure which il can withstand, the ^leof a submerged body 
■nd the buoyant force which acts upon it, the site and shape of an air cohunn and its 
number of vibrations per second, and so on. It is evident that such relations as these 
do not involve an; cousideralion of the intimate natnre of the physical actions which 
are taking place. 
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physical action which enables a voltaic cell or dynamo to exert 
the required electromotive force are not matters for consideration, 
although, as a matter of fact, much more is known concerning 
the nature of electric field than is known concerning the nature 
of mechanical stresses in substances like steel. 

The science of mechanics, as stated above, deals with those 
phenomena which depend upon the mutual actions of bodies in 
bulk. The phenomena of chemical action and those physical 
phenomena which have to do with the minute details of physical 
processes, however, have been studied heretofore almost solely 
on the basis of the atomic theory. Thus, nearly the whole of 
chemistry is based on the atomic theory ; the kinetic theory of 
gases is a branch of the atomic theory ; the theory of crystal for- 
mation is a branch of the atomic theory ; the study of the phe- 
nomena of electrolysis is a branch of the atomic theory ; and the 
study of the phenomena of the dischai^e of electricity through 
gases is a branch of the atomic theory. 

126. Electrons and Ions. — The loss of electricity from a 
charged body has long been known to be due in part to a leak- 
age of the electricity through-the surrounding air and in part to 
a leakage of the electricity through the insulating supports of the 
charged body. That is to say, the air conducts electricity to 
some extent. The electrical conductivity of the air is ordinarily 
extremely small, but there are a number of influences which 
cause the air (or any gas) to become a fairly good electrical con- 
ductor. Thus, a gas becomes a fairly good conductor when its 
temperature is raised above a certain point ; gas which is drawn 
from the neighborhood of a flame or electric arc, or from the 
neighborhood of glowing metal or carbon, is a fairly good con- 
ductor ; gas which has been drawn from a region through which 
an electric discharge has recently passed is a fairly good conduc- 
tor; and the passage, through a gas, of ultra-violet light, of 
Roentgen rays, or of the radiations from radio-active substances, 
causes the gas to become a fairly good conductor. The conduc- 
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tivity which is imparted to a gas by these various agencies may 
be destroyed by filtering the gas through glass-wool or by plac- 
ing the gas for a few moments between electrically charged metal 
plates. This effect of filtration seems to show that the conduc- 
tivity of a gas is due to something which is mixed with the gas, 
and the effect of the electric field (between two charged plates) 
shows that this something is charged with electricity and moves 
under the action of the field. " We are thus led to the conclu- 
sion that the conductivity of a gas is due to electrified particles 
mixed up with the gas, some positive, some negative. We shall 
call these electrified particles ions and the process by which a gas 
is made into aconductorwe shall call the process o^ ionization"* 

The electron^ is a negatively charged particle of which the 
mass is about ^^ of the mass of a hydrogen atom. Thus, the 
cathode rays consist of electrons which are thrown off from the 
cathode of the Crookes' tube at high velocity, the ^-rays from a 
radio-active substance such as uranium are electrons which are 
expelled from the atoms of the substance at high velocity. 

A simple ion is an atom of a gas from which a negatively 
charged electron has been detached, leaving the remainder of the 
atom positively chained. Thus, the canal rays in a Crookes' 
tube consist of simple ions positively chatted, and the a-rays 
which are given off by a radio-active substance such as uranium 
consist of simple ions positively charged. A compound ion con- 
sists of a negatively charged electron or a positively charged 
simple ion to which one or more neutral atoms cling, thus form- 
ing a chained atomic aggregate. 

Ionization by the electric field. — According to the kinetic 
theory of gases, a molecule of a gas travels on the average a 
certain distance between successive collisions with neighboring 
molecules. This distance is called the mean free path of the 
molecule. The mean free path of an electron in a gas is about 
4V^t times as great as the mean free path of a molecule of the 

•See J. J, Thomson, Cetiductien af Electricity Through Gasti, page Mj 

t Called a corpuscle by J. J. Thomson. 

X According to (he kiDctic theoiy. 
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gas, because of the veiy small size and great velocity of the 
electron, whereas the mean free path of a simple or compound 
ion is equal to or even less than the mean free path of a molecule 
of the gas. When a gas is subjected to an electric field by 
being placed between two oppositely chained metal plates, a 
certain amount of energy is imparted by the electric field to the 
electrons between successive collisions, and a much smaller 
amount of enei^ is imparted to the simple or compound ions 
between successive collisions (because of their shorter mean free 
path). If the energy imparted to an electron between successive 
collisions exceeds a certain value, the electron is able to ionize 
the atoms of the gas when it collides with them, producing at 
each collision a new electron and a simple ion. Similarly, if 
the energy imparted to an ion between successive collisions ex- 
ceeds a certain value, the ion is able to ionize the atoms of the 
gas when it collides with them, produdng at each collision a 
new ion and an electron. Thus, the electron must fall freely 
through a certain difference of potential (about 30 volts) in order 
to receive enough energy to ionize air molecules, and a positive 
ion must fall freely through a certain difference of potential (about 
440 volts) in order to receive enough energy to ionize air molecules. 

127. The electric epaik in a gas. — When a gas is subjected to 
an electric field of which the intensity is sufficient to cause both* 
the electrons and the positive ions to ionize the gas, an extremely 
rapid increase in the number of electrons and ions takes place, 
and the result is the production of an electric spark. The mean 
free path of the positive ions in a gas is inversely proportional to 
the pressure of the gas so that the electric strength of a gas 

*Whea the intenntj' ofui electric field is sufficient to cause only the electrons to 
ioniie Ihe gas, then all of the electrons which are present in the gas floct towards the 
positive electrode forming new ions and new electrons on the way, and when they 
reach the po^tive electrode the action ceases except for the occasional formation of 
■n electron by oatside influences. When the electric field is sufficiently intense to 
cause electrons and positive ions both to produce ionization, then new ions and elec- 
trons are formed everywhere between the electrodes and the number of free ions and 
electrons increases indefinitely. It is a welMinown fact that an electric field must 
continue to act for an appreciable time belbre a sparlt is produced. 
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should be approximately proportional to the pressure. This is, 
in fact, the case. Thus, the dielectric strength of air at normal 
atmospheric pressure is about 20,000 volts per centimeter, at a 
pressure of 10 atmospheres the strength is about 200,000 volts 
per centimeter, and at a pressure of o. i atmosphere, the dielectric 
strength is about 2,000 volts per centimeter. The dielectric 
strength of air reaches a minimum, however, at a pressure of 
about 2 millimeters of mercury and increases when the pressure 
falls below this value. An electromotive force, sufficient to pro- 
duce a spark | of an inch long in air at atmospheric pressure, 
will produce a discharge through 18 or 20 inches of air at 2 
Qiillimeters pressure. 

The idea of dielectric strength is based on the assumption that 
the electromotive force required to produce a discharge is propor- 
tional to the length of the spark, so that the quotient, volts divided 
by spark length, may be a constant This is only approximately 
true in gases under moderate or high pressure, and when the 
pressure is very low a greater electromotive force is required to 
strike across a short gap than is required to strike across a long 
gap. This curious behavior of gas at low pressure is illustrated 
by a famous experiment due to Hittorf. Two electrodes were 
sealed into the walls of 
two glass bulbs and the 
tips of the electrodes were 
one millimeter apart, as 
shown in Fig. 158. The 
two bulbs were connected 
together by a spiral tube 
375 centimeters long, and, 
when the pressure of the 
gas in the bulbs was re- 
duced to a very low value, the discharge took place through 
the long tube and not across the one millimeter gap space be- 
tween the points of the electrodes.* 

*Thii behavior of a gas al low preUure is fully explained by the alomic theory- 
See J. J. Thomson"! ConducHim of EUilricity nrimgh Casts, pages 430-527. 
16 
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128. The Gdsflla- tube and Uie Crookea tube. — The discharge 
of electricity through ga$es at low pressures is usually studied by 
means of a glass bulb through the walls of which are sealed 
platinum wires which terminate in metal plates called electrodes. 
The current enters at one electrode, the anode, and passes out at 
the other electrode, the cathode. This bulb, which is called a 
vacuum tube, is filled with the gas to be studied and the pressure 
is reduced to any desired value by exhausting the tube by means 
of an air pump. 

Before exhaustion the discharge through the tube is in the form 
of a sharply- defined spark similar to the spark in the open air. 
When the pressure of the gas in the buib has been 
reduced to a few centimeters of mercury, the spark 
b^ins to be nebulous and a continued reduction of 
pressure causes the luminosity ultimately to fill the 
entire tube. When the pressure has been reduced 
to a few millimeters of mercury the discharge pre- 
sents the following features, as shown in Fig. 1 59. 
There is a thin layer of luminosity spread over the 
surface of the cathode C, and beyond this there 
is a comparatively dark space D called the Crookes 
dark space, the width of which depends upon the 
pressure of the gas, increasing as the pressure of 
the gas diminishes. This Crookes dark space ex- 
tends to a boundary which is approximately a sur- 
face traced out by lines of constant length drawn 
normally to the surface of the cathode. Beyond 
the Crookes dark space is a luminous region N 
'' ' called the negative glow, and beyond the negative 
glow is another comparatively dark region F which is called the 
Faraday dark space. Beyond the Faraday dark space is a lumi- 
nous column P extending to the anode A and called the posi- 
tive column. This positive column usually exhibits alternations 
of bright and dark spaces which are called striations. The effects 
here described are exhibited at their best in a vacuum tube in 
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which the pressure has been reduced to a few millimeters of 
mercury. Such a vacuum tube is called a Geissler tube. When 
the exhaustion of the vacuum tube is carried further, the dark 
space which surrounds the cathode (the Crookes dark space) ex- 
pands until it fills the entire tube. The glass walls of the tube 
then show a yellowish-green or blue luminescence (according as 
the tube is made of soda glass or lead glass) and a slight nega- 
tive glow may remain in portions of the tube remote from the 
cathode. These effects, which were first studied by Crookes in 
England and by Pliicker and Hittorf in Germany, are exhibited 
at their best in a vacuum tube in which the pressure has been 
reduced to a few thousandths of a millimeter of mercuiy. Such 
a vacuum tube is called a Crookes tube. 

129. Cathode rayB and canal rays. — In order that a steady dis- 
charge may flow through a vacuum tube, it is necessary that the 
electric field intensity reach a value sufiGcient to impart to the 
positive ions enough energy between collisions to enable them to 
ionize the gas, because if the electrons (negative ions), only, pro- 
duce ionization, the discharge through the tube ceases very soon 
after all of the negative ions have moved across to the neighbor- 
hood of the anode. In fact, ionization by positive ions must take 
place in the neighborhood of the cathode,* and it is this necessity 
which gives rise to the Crookes dark space. The action which 
takes place in the Crookes dark space is as follows ; Electrons 
(negative ions) are thrown off from the cathode at very high 
velocity by the intense electric field in the Crookes dark space, 
very enei^etic ionization takes place in the negative glow N, 
Fig- I S9> ^^^ tJ^s positive ions that are produced in this region 
attain sufllicient velocity in traveling towards the cathode to enable 
them to ionize the gas in the immediate neighborhood of the 
cathode. That is, ionization by positive ions takes place in the 
faint glow which covers the cathode. The mutual dependence 
of the ionization which takes place in the negative glow and the 

*A detailed discnssioD of this nuitler maybe foood iD J. J. Thontson's Conducttim 
af Electricity 7%reugh Casei, pages 539-603. 
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ionization which takes place in the faint luminosity in the imme- 
diate neighborhood of the cathode is shown by placing a small 
obstacle in the Crookes dark space. This obstacle screens a 
portion of the cathode surface from bombardment by the positive 
ions which move from the negative glow towards the cathode so 
that in the r^on so shaded ionization does not take place. In 
the same way the obstacle also screens a certain portion of the 
n^ative glow from bombardment by the electrons which are 
thrown from the cathode and this portion of the negative glow 
ceases to exist because ionization is no longer produced there. 
That is to say, the obstacle casts a shadow on the cathode and it 
also casts a shadow into the negative glow. 

The electric field intensity in the Crookes dark space, being 
necessarily sufficient to enable the positive ions to produce 
ionization at the surface of the cathode, is able to impart very 
much greater velocity to the electrons than is necessary to enable 
them to produce ionization. The result is that the electrons 
which are thrown off from the cathode travel in straight lines 
through a long portion of the tube. These high velocity elec- 
trons constitute what are called cathode rays. The cathode rays 
are faintly visible throughout the tube because of occasional col- 
lisions with the molecules 
of the gas. 

When the cathode has 
1 small hole through it, 
the positive ions which 
move towards the cathode 
from the negative glow 
pass through this hole in 
the form of a stream of 
rays which is made visible 
by the luminosity which accompanies the collisions of the posi- 
tive ions with the molecules of the gas. Such a stream of posi- 
tive ions constitutes what has been called the canal rays. 

An object of any kind placed in the Crookes tube casts a 
sharp shadow upon the wall of the tube, as shown in Fig. i6o. 
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The wall of the tube shows a brilliant luminescence everywhere 
except where it is screened by the obstacle from bombardment 
by the cathode rays. 

Magnetic deflection of cathode rays and canal rays. — A mov- 
ing chained body is equivalent to an electric current, and when a 
charged body moves across a magnetic field the magnetic field 
pushes sidewise upon the chatted body and causes the charged 
body to describe a curved path. The magnetic deflection of the 
cathode rays is easily shown by placing a horse-shoe magnet 
with its poles placed on opposite sides of the tube shown in Fig. 
160. The shadow of the cross is thrown up or down according 
to the arrangement of the magnet. The magnetic deflection of 
the canal rays is very slight ; a very strong magnetic field is 
necessary to produce a perceptible deflection. The direction of 
the magnetic deflection of the cathode rays shows that these rays 
are negatively chained particles, and the direction of the mag- 
netic deflection of the canal rays shows that these rays are posi- 
tively charged particles. The magnitude of the deflection of the 
cathode rays shows that the mass of the cathode particles (elec- 
trons) is very small and that their velocity is very great. The 
magnitude of the deflection of the canal rays shows that the 
mass of the canal ray particles is relatively great and that their 
velocity is less than the velocity of the catljode rays. This mat- 
ter is explained in detail in Art. 135. 

An object upon which the cathode rays * impinge is heated, it 
may be, to a very high temperature. Many substances, however, 
emit light (without being made perceptibly hot) when subjected 
to bombardment by the cathode rays. Such substances are said 
to be luminescent For example, lead sulphate emits a deep 
violet light, zinc sulphate emits white light, magnesium sulphate, 
with a slight admixture of manganese sulphate, emits a deep red 
light under the action of cathode rays, 

*The cathode rays produce effects which aie practically imporUnt and which cul 
be easily observed. The effects of Ihe canal rays, however, are so alight as to b« 
scarcely perceptible bted under the most favorable conditions. Therefore farther dis- 
cuEuon of the canal rays is not warranted in this brief outline. 
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The cathode rays pass quite readily through thin metal plates 
especially through thin plates of aluminum. By using a Crookes 
tube ofwhich a portion of the wall is made of thin sheet aluminum, 
the cathode rays may be made to pass through into the outside 
air. The properties of cathode rays in the air were first studied 
by Lenard who found that they, produce a very high degree of 
ionization of the air making it a fairly good electrical conductor. 
Lenard found the cathode rays capable of traversing from lo to 
20 centimeters of air at atmospheric pressure, he found them 
capable of exciting luminescence, and he found them capable of 
affecting a sensitive photographic plate. 

130. The Roentgen rays. — Objects upon which the cathode 
rays impinge, not only become heated and luminescent as de- 
scribed above, but they emit a type of radiant energy which was 
discovered by Roentgen in 1894. Roentgen rays are of the same 
physical nature as light rays, that is, they consist of waves in the 
ether, and they are related to light waves very much as a sharp 
"razor" wave on the surface of water would be related to along 
ocean swell, as shown in Fig. 161. Helmholtz pointed out in 




1 89 1 that abrupt wave pulses of this kind in the ether would have 
certain properties, the properties, in fact, which are exhibited by 
Roentgen rays, as follows : These rays are not reflected in a reg- 
ular way by the surface of a mirror, and they are not refracted by 
a lens. They pass through all substances, subject to a certain 
amount of absorption which is greater the greater the density of 
the substance, and subject to a certain amount of diffused scatter- 
ing. The Roentgen rays affect an ordinary photographic plate 
and they have a powerful ionizing effect on gases. 

The fluoroscope. — Many substances such as barium platinoty- 
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anide and calcium tungstate become luminescent under the action 
of Roentgen rays. This effect is utilized in the fluoroscope which 
consists of a cardboard screen covered with a layer of barium 
platinocyanide. When the Roen^en ray shadow of an object, 
such as the hand, falls on this screen the shadow becomes visible ; 
where the Roentgen rays have been greatly reduced in intensity 
by the bones of the hand the screen remains dark, where the 
Roentgen rays have been slightly reduced in intensity by the 
flesh the screen is moderately luminous, and where the rays have 
not been reduced at all in intensity the screen is highly luminous. 
The Roentgen ray shadow of an object may be rendered visible 
by allowing it to fall upon a phob^raphic plate which is after- 
wards developed like an ordinary photographic negative. Thus, 
Fig. 162* is a reproduction of a shadow photograph of a wrist. 
Tki focusing tube. — In order that a shadow may be sharply 
defined the radiation which produces the shadow must emanate 
from a very small source. Figure 163 shows a Crookes tube 



with a concave cathode c from which the cathode rays converge 
and strike a small spot on a platinum plate /, This small spot is 
the source of the Roentgen rays. Such a Crookes tube is called 
a focusing tube, and, by the use of such a tube, very sharply 

*Frani ■ negative by Dr. E. W. Caldwell, President (190S) of the Americaii 
Roentgen Rs; Sodetjr. 
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defined Roentgen ray shadows may be produced. The platinum 
plate / is usually connected as shown to the aluminum anode a. 
An interesting feature of the Crookes tube, which is shown in Fig. 
163, is the small platinum tube t which is sealed through the 
glass wall. When the vacuum in the Crookes tube becomes too 
high (presumably by the transformation of the residual gases into 
non-vplatile products), the small tube t is held for a few seconds 
in the flame of an alcohol lamp and a sufficient amount of hydro- 
gen passes through the hot platinum to replenish the supply of 
gas in the Crookes tube. 

131. Conductivity of hot gases and flames. — A hot gas is a 
fairly good electrical conductor and this conductivity has been 
found to be due to the presence of free ions.* The conductivity 
of a hot gas or flame is shown by the fact that a chained glass 
rod may be completely discharged by passing the flame of a Bun- 
sen burner rapidly over its surface. 

132. The electric arc. — In order to produce a perceptible dis- 
charge of electricity (flow of current) through a gas, a vcty high 
electromotive force must be used because of the necessity of pro- 
ducing ionization in the gas by the collision of the moving ions 
with the gas molecules ; and the amount of current which can be 
made to flow through a gas is usually very small because of the 
comparatively small number of these ions. When, however, metal 
or carbon electrodes are heated to a very high temperature 
they emit electrons (negative ions) in great numbers f and a 
very considerable current may then be made to flow through the 
intervening gas. Thus, a current of an ampere or more may 
be made to flow between a cold metal anode and a very kot metal 
cathode in a vacuum tube. When two carbon rods are connected 
to a battety or dynamo, brought into contact and then separated, 
the current which begins to flow across the indefinitely small gap 
between the two carbon rods raises the tips of the carbons to a 

• See J. J, Thomson's Conduction of Electricity TTirough Gout, pp. 328-349. 
f See J. J. TboEDSOD'i Cottduelien of Eltetridty Thrnigh Gates, pp. lSS-337. 
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very high temperature so that electrons (negative ions) are emitted 
in great numbers. The result is that the current continues to 
flow between the carbon tips. The column of hot vapor between 
the carbon tips is called an dectric 
arc, and the intense heating of the 
two carbon tips is due to their bom- 
bardment by the ions which move 
across the arc and carry the electric 
current The electric arc may be 
easily maintained between a hot neg- 
ative carbon (cathode) and a rapidly 
rotating disk (a cold anode), but not 
between a cold cathode and a hot 
anode. This shows that the emis- 
sion of negative ions (electrons) by 
the hot carbon is essendal to the 
formation of" the electric arc. The 
appearance of the arc between car- 
bon electrodes is shown in Fig, 
164,* 

183. Chemical effect of the dis- '^'' '" 

charge through gases. — The discharge of electricity through 
gases is accomplished by the ionization of the gas as above ex- 
plained. This ionization means not only the breaking down of 
the molecules of a compound gas but also the separation of elec- 
trons from the individual atoms of the constituents of the com- 
pound gas. The ionization of mixed gases promotes chemical 
combination. Thus, the nitrogen and oxygen of the air combine 
slowly under the action of the electric spark. 

When oxygen (or air) is ionized, the recombination of the 
oxygen ions results in the production of ozone. Thus the 

•The properties of (he eleclric arc sre discussed in great detail in a paper by C. 
P. Steinmeti, Trans. iHtcrnatiaHal Blietrica! Congrtss, Vol. II, pages 710-730, St. 
Louis, 1904 ; in a paper by W. R. Whitney, Trartt. American EUctrachimical 
Sacitly, Vol. 7, pages 391-399, 1905 ; and in J. J. Thomson's Conduction 0/ Eltc- 
tricity Timttgh Gases, pages 604-630. 
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peculiar odor which is given off by a Toepler-Holtz machine or a 
Wimshurst machine is due to the ozone which is formed. The 
action which takes place in the formation of ozone from oxygen 
is as follows : Ordinary oxygen is bi-atomic, that is, it contains 
two atoms of* oxygen in the molecule. Ionization causes the dis- 
integration of these bi-atomic molecules forming mono-atomic 
oxygen, and this mono-atomic oxygen recombines forming a 
lat^je proportion of bi-atomic oxygen again and a small propor- 
tion of tri-atomic oxygen, or ozone. In the production of ozone 
for commercial purposes a blast of air is driven between two 
metal plates which are connected to a high voltage alternator. 
The repeated reversals of the high electromotive force between 
the plates ionizes the intervening air repeatedly, and the recom- 
bination of the ions is accompanied by the formation of a certain 
percentage of ozone, as above explained. In order to produce a 
high degree of ionization throughout the entire region between 
the two metal plates, it is necessary to place a thin plate of glass 
between the metal plates so as to prevent the formation of a 
single spark from plate to plate. The effect of this glass plate is 
to cause a fine brush discharge to take place throughout the 
entire region. Without the glass plate a single brilliant spark 
passes through the air. With the glass plate, a diffiised violet 
luminosity is produced throughout the region between the metal 
plates, 

184. Radio-actiTity."' — The chemical elements uranium, tho- 
rium, and radium and their compounds have the property of 
making a surrounding gas an electrical conductor. Thus, one 
ten-millionth of a gram of radium bromide which is left as a 
residue upon a metal plate by evaporating a small quantity of a 
dilute solution of radium bromide on the plate, causes a gold 
leaf electroscope to be discharged in a few seconds when the 

''The stadenl U referred to the following books fbi a fiill discussioo of radio- 
activity: Sadioaclivily, \>y E. Rutberford, Csmbridge, 1905 {second edition); 
Radioactivity, by Frederick Soddy, London, 1904 ; and Radioactive Transforma- 
tions, by E. Rutherford, New York, 1906. 
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radium-covered plate is held near to the metal plate of the elec- 
troscope. Uranium and thorium have the same effect but the 
discharge which they produce is not so rapid unless a large 
quantity of material is employed. This property of these metals 
and of their compounds is called radio-activity, a name which 
originated because of the peculiar radiations which are given off 
by radio-active substances and to which the discharging action is 
due. These radiations are of three distinct kinds, which are 
called the a-rays, the ^-rays, and the y-rays, respectively. The 
7-rays penetrate through a foot or more of solid metal or through 
many feet of air ; the /3-rays penetrate through a moderate thick- 
ness of a light metal, such as aluminum ; whereas the st-rays are 
stopped by a very thin layer of aluminum or by a layer of air 
two or three inches in thickness. 

The a-rays consist of positive ions each about twice as massive 
as a hydrogen atom. These ions are projected from the radio- 
active substance at a velocity of about 20,000 miles per second, 
and each of them ionizes about 100,000 air molecules before it is 
brought to rest by repeated collision. After traveling two or 
three inches through the air, the velocity of these a-particles is 
reduced to so low a value as to render them no longer perceptible 
by their ionizing effects. 

The /3-rays consist of electrons (negative ions) each about -^^ 
as massive as a hydrogen atom. These electrons are projected 
from the radio-active substance at a velocity which in some cases 
is nearly as great as the velocity of light (186,000 miles per 
second). The ^S-particles also have the property of ionizing 
the gas through which they pass but not to so great an extent 
as the a-particles, and they travel several feet through the air 
before their velocity is reduced to so low a value as to render 
them no longer perceptible by their ionizing effects. 

The 7-rays are extremely abrupt waves in the ether essentially 
the same in character as Roentgen rays, but much more penetrat- 
ing than ordinary Roentgen rays. The 7-rays also have the 
property of ionizing a gas. 
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The a-rays and the ^-rays are deflected by the magnetic field 
and by the electric field. The direction of the deflection of the 
a-rays is in each case opposite to the direction of deflection of the 
/3-ray3, and therefore it is known that the a-particles are positively 
charged and that the ^-particles are negatively charged. The 
7-rays are not deflected by a magnetic field or by an electric 
field. 

The present hypothesis regarding radio-activity is that the atoms 
of all substances are complex systems of excessively small particles 
called electrons, the atom of each element being a characteristic 
self-contained group or system of electrons in very violent orbital 
motion. These systems of electrons (atoms) are supposed to be 
to some extent unstable, and when Instability occurs, the system 
(atom) collapses Into a new configuration and at the same time 
expels one or more positively or negatively charged electrons or 
groups of electrons which constitute the a-rays and the yS-rays. 
According to this hypothesis the 7-rays consist of abrupt ether 
waves which are produced by the sudden collapse of the atomic 
structure when instability occurs.* 

A clear representation of the nature of a-, j9-, and 7-rays is 
shown in Fig. i6g. Imagine an atom of the radio-active material 
to collapse at a given instant sending out a 7-wave, an a-particle, 
and a /3-particle, The relative positions reached by the 7-wave, 
the a-particle, and the (8-particle at a given instant are shown In 
the figure. The a-particle is a large positively charged particle 
and the fi-partlcle is a small negatively charged particle, 

135. Determination of velocity and mass of the particles which 
constitute canal rays (or a-rays) and cathode rays (or jS-rays). — 
A narrow stream of rays from a radio-active substance may be 

•A very inatructive discussioo of the electron theory is given by Sir Oliver Lodge 
io a book entitled Ettcfrons, published by Geo. Bell & Sons, London, 1906. The 
method of measuring the degree of radio-ttctivity of a radio-active substance is eiplained 
in Franlilin, Crawford and MacNutfs Practical Physics, Vol. 2, pages 148-153. 
An example of the study of a radio-active transformation, that is, of the change which 
talces place in the radio-active substance, as a result of its radio-activity, is given io 
Franklin, Crawford and MacNutl's Practical Physics, Vol. 2, pages 154 and 155. 
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obtained by the arrangement shown in Fig. 166 in which AB is 
a sensitive photographic plate upon which the narrow stream of 




rays impinges. Figure 167 shows the effect of an electrical field 
upon a thin stream of rays from a radio-active substance. The 
direction of the electric field is shown by the fine horizontal arrows 




(the lines of force of the electric field pass from the positively 
charged plate to the negatively charged plate). The effect of the 
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electrical field is to deflect the a-particles in the direction of the 
field and the jS-particles in the opposite direction, while the 7-rays 
are not affected at all. The amount of deflection in each case may 

J; phoUtgnphie plate B 










Fie. 168. 

o-particles deflected towards the reader, 
^-particles deflected avay from the reade: 
7'- waves not defected at alL 



be determined by developing the photographic plate upon which 
the rays impinge. The effect of the magnetic field upon the rays 
from a radio-active substance is shown in Fig. 168 in which the 
fine horizontal lines represent the lines of force of a magnetic field 
between the two large magnet poles. 

The determination of the velocity of the a- and j3-particles 
is somewhat analogous to the following method for determining 




the velocity of a cannon ball. The curved line in IHg. 169 
represents the orbit of a cannon ball, D being the horizontal 
distance traveled by the ball in a given time and d being the 
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vertical distance fallen by the ball under the action of gravity. 
If D is known and d observed, then the velocity of the cannon 
ball is given by the equation 

2rf 



,/■_* 



(0 



in which g is the acceleration of gravity. 

Action of the electrical field on a moving charged particle. — 
Consider a charged particle moving upwards through an elec- 
trical field as shown in Fig. 1 70. Let q be the charge on the 




Magnetic field peipeodicular to pUne of paper. 



particle in abcoulombs and e the intensity of the electrical Beld 
in abvolts per centimeter. Then the force F in dynes pulling 
on the particle is equal to ge, so that the acceleration of the 
particle in the direction of Z'' is gejm. It is evident that the 
particle moves in the same sort of an orbit as a cannon ball, and 
that the acceleration qefm corresponds to the acceleration of 
gravity g in the case of a cannon ball. Therefore, using gejm 
for g in equation (i), we have 

I^ge 



»» = 



2dm 

El 

' 2dv* 



("■) 



^) 
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Action of the magnetic field on a moving charged particle. — 
Figure 171 represents a charged particle moving upwards through 
a magnetic field, the lines of force of which are perpendicular to 
the plane of the figure. The moving particle is equivalent to an 
electric current, and the side force F is equal to qvh where q 
is the charge on the particle in abcoulombs, v is its velocity in 
centimeters per second, and h is the intensity of the magnetic 
field in gausses. Therefore the acceleration of the particle in the 
direction of ^ is qvhfm. The force F is continuously at right 
angles to w so that the particle describes a circular orbit. But 
the acceleration of a particle moving in a circular orbit is i^/r, 
and the relation between the radius of the circle r, the semi- 
chord D, and the versed sine d is 







£>» 






''=^ 


Therefor 


i we have 


qvh Zdi? 


whence 




m kD" 

a 2dv 



(iv) 

Determination of velocity of particles. — Reduced to the simplest 
terms, the method of determining velocity may be described as 
follows : An electrical field e in the plane of the paper, Fig. 
170, and a magnetic field h at right angles to the plane of the 
paper in Fig. 170 are adjusted so that together they produce no 
deflection of the particles which are being studied. When this 
condition is realized, the force qe with which the electrical field 
acts on the moving particles is equal and opposite to the force 
qvh with which the magnetic field acrs on the moving particles, 
so that, disregarding sign, we have 

yf = qvh 
or 

'-i (V) 
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that is to say, the velocity of the particles is equal to the ratio 
of the electric field intensity e in abvolts per centimeter to the 
magnetic field intensity h in gausses, on the condition that the 
combined action of the fields produces no defiecdon of the mov- 
ing particles. 

"Electrochemical equivalent" of a- and ^-particles. — Ac- 
cording to the dissociation theory of electrolysis each atom of 
hydrogen, for example, in a dilute solution of sulphuric acid is 
isolated and carries a definite amount of charge, and the ratio 
{*"/?) of the mass m of a hydrogen atom (ion) to the charge 
q upon it is equal to the electrochemical equivalent of hydrogen, 
or, in other words, to the number of grams of hydrogen which 
are liberated during the passage of one coulomb of electric charge 
through an electrolytic cell containing dilute sulphuric acid. The 
ratio {mfg) of the mass of a gas ion to the chaise upon the ion 
is called the " electrochemical equivalent " of the gas ion. This 
ratio is determined by equation (iii) or (iv) when the electric or 
magnetic deflection of the particle has been observed and when 
the velocity of the particle is known. The value so determined 
is given in grams per abcoulomb and it is equal to 5.36 x io~* 
grams per abcoulomb for the ;9-particles (electrons), from which 
it follows that the particles have a mass ^^ as great as the mass 
of a hydrogen atom if the charge q is the same in both cases.* 

" Tn regard to Ihe equality of cbarge on mooo-valent tona in electrolytes and on gas 
ioDS, see Oliver Lodge's Eleclrous, pages 77-90, wbere a simple account is given of 
the work wbicb has been done bj J. J. Thomson in the detetnunatjou of the value of 
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CHAPTER IX. 
■_ ELECTRIC OSCILLATIONS AND ELECTRIC WAVES. 

136, Hechanlcal conceptions of the magnetic and electric fields. *" 
— The foregoing chapters are devoted to the discussion of the 
phenomena of the electric current and the phenomena exhibited by 
electrically chained bodies. The phenomena of electric oscilla- 
tions and especially the phenomena of electric waves have not 
as yet been touched upon. It is usual to treat these phenomena 
on the basis of the differential equations of the electro-magnetic 
field, but it is needless to say that this mode of treatment cannot 
be followed in an elementary text. The most satisfactory ele- 
mentary treatment of electric oscillations and electric waves is to 
develop the mechanical conceptions of the magnetic and electric 
fields and thus arrive at a rational insight into electro-magnetic 
phenomena. This method is followed in this chapter. 

Maxwell was the first to work out mechanical conceptions of 
magnetic and electric fields, and Maxwell's conceptions are used 
in the present chapter f although certain inconsistencies arise in 
the attempt to extend these conceptions to three dimensions, 

* Sir Oliver Lodge's Modern Vines of Electricity is perhaps the best elementary 
treatise on this subject. This book is now ( 1908) being rewrilten. 

fThe most complete mechanical conception of the electro tnagoetic field Is that 
which is based opon Lord Kelvin's gyrostatic model of the ether. This g^rostatic 
model of the elher is a mechanical structure which is capable of reproducing most of 
the known phenomena of electricity and magnetism and of light. See j^ther and 
Matter, by Joseph Larmor, Appendix E, Cambridge, 1900. Lord Kelvin's gyroslalic 
model of the ether has led to a hydrodynamic conception of the ether, due chieSy to 
Larmor, in vhich the ether is assumed to be a perfect fluid which is endowed with 
the necessary elastic properties by an indefinitely line grained whirling motion. On 
the ba^s of Lord Kelvin' s gyrostatic conception of the ether and also on the basis of 
Lannor's turbulent ether, the magnetic field is thought to consist of a ^mple flow of 
the ether along the lines of force of the magnetic field. This conception of the 
magnetic lield is v«ry different from the conception which is outlined in this teit and 
which is based upon Maxwell's conception of the ether. 
342 
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137. Uazwell's mechanical model of the ether, — The ether is 
to be considered as built up of very small cells of two kinds, posi- 
tive and negative, in such a way that only unlike cells are in 
contact. These cells are imagined to be gear wheels provided 
with rubber-like teeth, as shown in Fig, 
172, so that if a cell be turned while the 
adjacent cells are kept stationary, then a 
torque due to elastic distortion of the gear 
teeth is brought to bear upon the turned 
cell. In subsequent figures, these cells or 
cog-wheels are represented by plain circles 
for the sake of simplicity. 

Conception of the magnetic field. — The 
ether cells at a point in the magnetic field are thought of as ro- 
tating about axes which are parallel to the direction of the field 
at the point, the angular velocity of the cells being proportional 
to the intensity of the field. The positive cells rotate in the di- 
rection in which a right-handed screw would be turned that it 
might move in the direction of the field, 
S^ (. and the negative cells rotate in the oppo- 

^\ site direction. This opposite rotation of 

^t^ C positive and negative cells is mechanic- 

(^ ally possible since only unlike cells are 

^^ ( geared together. This rotatory motion 

(^ of the ether cells is shown in Fig, 173, 

which represents a magnetic field perpen- 
dicular to the plane of the paper and 
directed away from the reader ; all the positive cells are rotating 
clockwise and all the negative cells are rotating counter-clock- 
wise. The energy of the magnetic field (see Art. 44) is repre- 
sented by the kinetic energy of rotation of the ether cells. 

Conception of the electric field. — The positive ether cells at a 
point in an electric field are thought of as being displaced in the 
direction of the field, while the negative cells are displaced in the 
opposite direction, and this displacement is assumed to be pro- 



Dicized by Google 



244 ELEMENTS OF ELECTRICITY AND MAGNETISM. 

portional to the electric field intensity. Thus, Fig. 174 repre- 
sents the case in which the positive cells have been displaced 
towards the bottom of the page relatively to the negative cells as 
shown by the arrows, that is to say, the ^^^ 

distortion of the ether structure in Fig. 174 \,'-J 

represents an electric / >, 

I t I * ' . j field directed toward y^-<' /T\ 

\-) w yV Figure 175 represents VX/ 

\-/ \J VJ ular structure of the x^ /r\ 

©n®n©ioi® *=*^^- These two Ky.^KJ 

\-J \J \^ meshes are square in \^ 

"=■ '"■ the undistorted ether, *"«■ '»■ 

as shown in Fig. 173, whereas the downward displacement of 
the positive cells in Fig. 174 has distorted these meshes, as shown 
in Figs. I74and 175. Inasmuch as the cell structure of the 
ether is assumed to be elastic (the gear teeth in Fig. 172 being 
made of a substance like rubber), the distortion of the ether 
structure which is shown in Fig. 174 represents potential enei^ 
and this energy is the energy of the electric field (see Art. 104). 

Nearly the whole of the following discussion is based upon the 
torque action which is exerted upon a given cell by the elastic 
distortion which is represented in Fig. 1 75. 2^ iorgue action is 
the connecting link between the electric field and the magnetic field 
and a clear understanding of it is of the utmost importance. Con- 
sider the two positive cells to the right of the middle cell in Fig. 
175, Inasmuch as these two positive cells have been displaced 
downwards with respect to the middle cell, they exert torques 
upon the middle cell as shown by the arrows c and d, and 
these torques are proportional to the intensity of the electric field, 
that is, to the downward displacements of the cells. The two 
positive cells to the left of the middle cell in Fig. 175 exert 
torques which are equal to c and d respectively, but opposite 
in direction. 
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138. The energy stream in the electromagiietlc field. — A 
region in which electric field and magnetic field co-exist may be 
called an electromagnetic field for the sake of brevity. It has 
been shown by J. H. Poynting* from theoretical considerations 
that energy streams through an electromagnetic field in a direction 
which is at right angles both to the electric field and to the mag- 
netic field at each point, and that the amount of energy per second 
which streams across one square centimeter of area is propor- 
tional to the product of the electric and magnetic field intensities. 
In case the electric and magnetic fields are not at right angles to 
each other, the energy stream is proportional to the product of 
the intensities of the two fields and the sine of the included angle. 

Conception of the energy stream. — Consider a row of gear 
wheels as shown in Fig. 176, Imagine the wheel IV to be 



turned steadily by a crank, and the wheel W" to be hindered 
by a brake. The result is that energy is continuously trans- 
mitted along the chain of gear wheels from W to W, any 
given gear of the chain is acted upon by equal and opposite 
torques by the gear wheels on each side of it, the transmission 
of energy by the chain depends upon this torque action combined 
with the motion of the wheels, and the rate at which energy is 
transmitted along the chain is proportional to the product of the 
speed of the wheels and the torque action between adjacent wheels. 

Imagine the ether cells in Fig. 174 to be rotating, positive cells 
in one direction, negative cells in the other, about axes perpen- 
dicular to the plane of the paper. This rotatory motion consti- 
tutes a magnetic field perpendicular to the plane of the paper and 
perpendicular to the electric field which is towards the bottom of 

•See Phitssaphual Transaclitms, Vol, 175, Part II, page 343, 18S4. 
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the page. On account of the torque action between the cells, as 
explained in connection with Fig. 175, energy will be transferred 
to the right (or left) by each horizontal chain of geared cells at a 
rate which is proportional to the product of the intensity of the 
magnetic field and the intensity of the electric field ; and the energy 
per second flowing across an area (of which the normal is perpen- 
dicular to both electric field and magnetic field) is proportional to 
the product of the respective field intensities and proportional to 
the area, inasmuch as the area is proportional to the number of 
rows of cells which are acting as chains of gear wheels. There- 
fore the energy stream, that is, energy per unit area per second, 
is proportional to the product of magnetic and electric field inten- 
sities and it is at right angles to both, 

139. The electric current. — Consider a wire AB, Fig. 177, 
along which an electric current is flowing from B towards A. 
The magnetic field on oppo- 



p@ 



site sides of AB is in opposite 
directions, so that the positive 
ether cells at / and fi' are 
rotating in opposite directions 
as shown. An electric cur- 
'^-,^fc rent may be maintained for 

x;^ an indefinite length of time, 

^■'"- but the opposite rotation of 

positive ether cells on the two sides of AB, Fig. 177, cannot 
be accommodated by an ever-increasing ether distortion (distor- 
tion of the rubber-like teeth of the ether cells as shown in Fig. 
172), there must be a s/i/> between adjacent cells somewhere be- 
tween /> and /•'. This s/ip between adjacent ether cells takes place 
in the material of the wire and constitutes an electric current. 

Steady electric currents flow in closed circuits. — Let AB, Vvg. 
178, be a wire * in which a steady electric current is flowing from 

*Ia Fig. 17S, ts iaall subseqaent figures, a iaire]s to be thought of u SD indifi- 
niiely broad metal skat, because the cellulBr conception of the ether is not adapted to 
three dimensknu. 
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B towards A. Consider the opposite rotation of like ether cells 
at / and j/ , and consider a chain of geared cells passing frofli 
/ to /' around the end of AB. The current through AB 
may flow for an indefinite time and therefore the opposite rota- 
tion of the positive ether cells 
at p and p' may continue in- 
definitely, but this continued 
opposite rotation at p and f 
cannot be accommodated by ' 
an ever-increasing distortion 
of the elastic gear teeth of 
the ether cells along the chain 
of geared cells which pass 
around the end of AB, A slip must take place between ad- 
jacent cells at some point along this chain. Therefore the line 
of flow of the current AB {line of slip of gear cells) must form a 
closed circuit which cuts across every possible chain of geared cells 
extending from p to p' . 

When a current flows along a path which does not form a closed 
circuit, then an increasing ether distortion (electric field) is pro- 
duced around the end portions of the path as explained in Art 
142. 

140. FIOT of enei^ in the ndghtMrliood of a wire carrying an 
electric corrent. (o) Simplest case, ivhen no electric charge resides 
on the surface of the wire. — Let AB, Fig, 1 79, be a portion of a 
long wire through which an electric current is flowing. If there 



A ^ * ""'1 i * -- 
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is no electric charge on the surface of the wire, then the electric 
field in the neighborhood of the wire is parallel to the wire. The 
lines of force of the magnetic field, on the other hand, encircle the 
wire, and therefore the enei^ streams in towards the wire and on 
all sides, and is converted into heat in the wire. 

Let R be the resistance of the wire in abohms per centimeter 
of length, and let / be the current in the wire, in abamperes, 
then RI is the intensity of the surrounding electric field * in 
abvolts per centimeter. According to Art 55, the intensity of 
the magnetic field at a distance of r centimeters from the wire 
is 2l/r gausses. The intensity of the enei^ stream (units of 
eneigy per unit of area per second) at a distance of r centi- 
meters from the wire is proportional to the product of the elec- 
tric field and magnetic field intensities, and it may therefore be 
written ix RI X 2ljr, where k is an unknown proportionality 
factor. Multiplying this expression for the intensity of the 
energy stream by the area of a cylindrical surface / centimeters 
in length and r centimeters in radius (co-axial with the wire), 
we have the total energy per second streaming in to / centi- 
metersofthewire, andthismustbeequal to /x RP. Therefore, 
we have 



Therefore we have 



S--Hf (77) 



in which 5 is the energy in ergs per second which streams 
across one square centimeter of area at right angles to a magnetic 
field of which the intensity is H gausses and at right angles to 
an electric field of which the intensity is / abvolts per centi- 
meter, H and / being at right angles to each other. 

*The tnleQsitj of tfaat component of tbe electric field which is parallel to the wire. 
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{b) General case, when electric charge resides on the surface of 
the wire. — The component of the electric field which is parallel 
to the surface of a wire is always equal to the RI drop per 
centimeter along the wire, but the component of the electric 
field at right angles to the surface of the wire may have any 
value whatever, and the electric lines offeree which terminate on 
the surface of the wire on account of the existence of this normal 
component of electric field involve a stationary * electric charge 
on the surface of the wire. An example of this general case is 
shown in Fig. 180. An electric generator G delivers current 



fV -■-■■-■"" 
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Fie. 180. 

over two line wires f A and £ to a distant lamp t. The 
electromotive force across from A to B involves the existence 
of an electric field the lines of force of which trend somewhat as 
shown by the full-line curves in the figure. The magnetic field 
between A and B is everywhere perpendicular to the plane of 
the paper and everywhere of the same intensity, so that the 
energy stream lines are a series of lines which are everywhere at 
right angles to the electric lines of force. The electric lines of 
force where they touch A and B are slightly inclined to the 

*The electric current may be considered to be a transfer of electric charge 
along the wire but the cbarge here referred lo has nothing directly to do with the 
current When a voltaic cell is on open circuit, the electric field in the surrounding 
region may be such that the volts per centimeter along a given path may vary in the 
most irregulai way ; but when this path is occupied by a wire through wfiich the 
voltaic cell produces a current, then the electric field is modified by the charge on 
the surface of the wire so as lo make the compooent of the electric field parallel Co 
the wire everywhere equal lo the Rl drop per centimeter along the wire, 

t In order that Fig. 180 may lie a complete representation, A and B mnst be 
supposed lo be broad metal bands. 
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surfaces of A and B as shown in the figure, the degree of in- 
clination depending upon the RI drop along A and B. 
Therefore the energy streams out from the generator through 
the whole of the region between A and B, and, although the 
enei^ stream turns in slightly on each line wire, the main por- 
tion of the enei^ converges on the distant lamp L, as shown 
by the dotted lines in Fig. 1 80. No attempt is made in Fig. 
180 to represent the electric field distribution in the neighbor- 
hood of the generator. 

141. The charge ob a condenser and its disappearance when the 
condenser plates are connected by a wire. — Consider a closed 
chain of gear wheels AB, Fig. 181. If the gears are allowed 
-_ -_ to slip at any point s, 

(Oj->C/"^— '~^— ^^i!U/"YO *^® S^^^"" X being held 

stationary and the 
gear e being turned 
in the direction of the 
arrow, then the chain 
of gears will be dis- 
torted as shown in 
Fig. 1 8 2. Conversely, 
a chain of geared 
wheels which by elas- 
tic action tend to stand 
smooth row,* 
will be relieved from 
such a zigzag distor- 
tion as is shown in 

FIB- 1 62. T~ r> i_ 

fig. 182 by permit- 
ting the gears to slip at any point, s and the potential energy 
stored in the distorted chain will be geared towards s from both 

sides. 

*The chains of positive and negative ether cells are thought of as standing in lig- 
lag TOWS when uadistotted, as shown by the horiiontal rows in Fig. 173. Here- 
after the chains of ether cells are to be thought of as straight (or nnifonnly curred) 
when free from distortion, in order that the diagrams may be simpter. 
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Let A and B, Fig. 183, be two metal plates, and let the 
dotted lines represent closed chains of geared ether cells, each 
chain being like Fig. 181. Imagine the two plates A and B to 
be connected by a wire, and an electric current to be forced 
through this wire by means of a battery, thus causing the plates 
A and B to become chained. The forcing of the current through 




the wire means a forced slipping of ether cells at every point of 
the wire, and each chain of geared cells, initially like Fig. 181, 
would become distorted like Fig. 182. Throughout the region 
between A and £ the positive ether cells would be displaced 
downwards and the negative ether cells would be displaced up- 
wards, that is, the region between A and B would become an 
electric field, the direction of which would be outwards from the 
positively charged plate A and inwards towards the negatively 
charged plate B. 

Imagine the two metal plates A and S, Fig. 183, to be 
charged, that is, imagine the chains of geared ether cells which 
are represented by the dotted lines in Fig. 183 to be distorted 
like Fig. 182. Then a wire * connected from A to B will cut 

* Striclly this wire should be thoogbt of as ■ broad sheet of meUl of which the 
sectioDal view U »hown in Fig. 183. See Ibolnote on page 346, 
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across every one of the distorted chains of geared ether cells, 
slipping will begin at every point oQ the wire, each distorted chain 
of cells will begin to be relieved from distortion, the enei^ of 
each distorted chain will be transmitted along the chain to the 
wire where it will appear as heat, and the entire region between 
and surrounding the metal plates A and B will be relieved 
from the electrical stress. The explanation here given of the en- 
tire relief of the electrical stress between two plates by the estab- 
lishment of a conducting line (line of slip) between them, applies 
to two adjacent oppositely charged bodies of any shape. An 
electric spark is a line of slip (a conducting line) and the energy 
of the electic field flows in upon the spark as it does upon a wire. 
The slipping of the ether cells in a conductor is imagined to be 
opposed by a fractional drag very much as if the gear teeth of the 
ether cells in a metal were made of a viscous substance like pitch. 

142. The electric oscillator. — Let A and B, Fig. 184.be two 
metal balls connected to two short rods between which is an air 
gap. Imagine charge to have been collecting on A and B 




(positive on A, negative on B) until a spark jumps across the 
air gap, thus establishing a conducting path from A to B and 
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causing A and B to discharge. This discharge, however, is 
usually oscillatory like the movements of a spring which is 
pulled to one side and suddenly released, as follows : Consider a 
chain of geared ether cells which when undistorted lies along the 
dotted line in Fig. 184, this dotted line being everywhere per- 
pendicular to the lines of force of the electric field. When A 
is positively charged this chain is distorted as shown (in part), but, 
inasmuch as it is a closed chain, its distortion is fixed, as ex- 
plained in connection with Fig, 182. When a spark is formed 
across the air gap, however, a line of slip is established across the 
distorted chain, and the distortion disappears as explained in Art. 
141. What is said of the single chain of ether cells is true of 
every chain which surrounds A or B. 

If the slip which relieves the distortion of the chain of ether 
cells takes place with great friction (high electrical resistance of 
conducting path formed by the spark), the cells near the spark 
begin turning slowly and the entire enei^ of the distorted chain 
is geared into the gap and converted at once into heat. If the 
slip which relieves the distortion of the chain of ether cells is 
almost frictionless (low electrical resistance of the conducting path 
formed by the spark), then the energy of the distorted chain is 
used mostly in overcoming the inertia of the cells as they are set 
rotating, and after a very short interval of time the whole of the 
electrical energy will have been converted into kinetic energy of the 
rotating cells (magnetic energy). During this conversion the 
energy, streaming along the dotted lines in Fig. 184, largely dis- 
appears from the regions ee and ee, and is distributed mainly in 
the region mm. When the chain of ether cells has been relieved 
from distortion, the rotatory motion of the ether cells in the region 
mm will have reached a maximum, and the cells will continue to 
rotate because of their momenta, thus producing a reversed distor- 
tion of each chain of ether cells. At the same time the energy 
%vill stream back from the region mm to the regions ee and ef, 
being converted ag^n into potential energy of ether distortion, and 
the balls A and B will be charged in a reversed sense. Thb re- 
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versed distortion of the chains of ether cells is then relieved by a 
reversed slip (a reversed current in the rods and along spark), 
and the above described action is repeated over and over again 
until the original energy of the electrical field has been dissipated. 
The oscillatory changes above described take place so rapidly 
that the portions of the distorted ether which are remote from the 
oscillator AB, Fig. 184, do not follow the changes promptly. 
This gives rise to electrical waves the nature of which at a dis- 
tance from the oscillator is explained in a subsequent article. 

143. Examples of electric OBcUlators. — The type of electric 
oscillator which is described in Art 142 was devised by Hertz 
and used by him in his celebrated experimental researches on 
electric waves in 1887,* An electric oscillator essentially similar 
to the Hertz oscillator is employed as the sending device in 
electric-wave telegraphy, wireless telegraphy so-called, as de- 
scribed in Appendix D. 

Almost every electric spark dischai^e is oscillatory in character 
as may be shown by photographing the spark upon a rapidly 
moving photographic plate. Thus, a sharp flash of lightning 
when photographed by means of a rapidly swinging camera 
generally shows several parallel flashes very close together on 
the photographic plate. The number of oscillations per second 
of an electric discharge is, however, generally so great that the 
sound of the spark cannot be distinguished from a sharp snap or 
click. According to the principles enunciated in Appendix E, 
however, it is evident that the number of oscillations per second 
can be reduced to any desired value by increasing the inductance 
of the circuit through which the discharge takes place and by 
increasing the capacity of the condenser in which the charge is 
stored. Thus, Fig. 185 shows a battery of Leyden jars JJ 
arranged to discharge across an air gap g and through a coil of 
wire L. The sound produced by the spark in this case is a high 
pitch musical tone of very short duration like the ringing sound 

* These researches are described in Herd's book on Electric Wava, English 
translalion published bji The MacmJIIan Company. 
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which is produced by striking an anvil with a hammer. The 
pitch of the " ringing spark " may be raised by decreasing the 
number of turns of wire in the coil L, or by decreasing the 
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number of Leyden jars in the battery JJ. The oscillatory char- 
acter of the spark across the gap g may be shown by viewii^ 
it in a rotatii^ mirror, and in this way ten or more images of the 
spark may be seen side by side at each dischai^ of the battery 
of Leyden jars. 

The oscillatory discharge of a condenser through a coil of wire 
is utilized in a type of induction coil which is due to Nikola 
Tesla. A helix PP, Fig. 186, of ten or fifteen turns of coarse 
wire is connected to the 
terminals CD of a 
charged condenser AB, 
or battery of Leyden 
jars, with a spark gap in 
the circuit at g. The 
condenser is connected 
to the secondary of a high voltage transformer, each high volt- 
age impulse of the transformer chaises the condenser until the 
air gap at g breaks down, and then the condenser charge 
surges back and forth through the helbc PP until the energy of 
the charge is dissipated. A jet of air * issues from a nozzle / 
and blows away the air which has been heated and ionized by 
" By using line lermiiials for the spark g and by plftdi^ two or three very short 
qMU-k gaps in series the air jet becomes unnecessary. 
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the Spark, Then charge can again accumulate on the condenser 
until a new discharge takes place. The successive discharges 
may be as frequent as several thousand per second (a number of 
successive discharges taking place during each high voltage im- 
pulse of the charging transformer), and the oscillations of each 
discharge may be at the rate of a million or more per second. 

A second helix 55 of several hundred turns of wire sur- 
rounds the helix PP (not so shown in the figure), that is, the coils 
PP and 55 constitute the primary and secondary coils of an 
induction coil. The rapidly oscillating current in PP due to 
the discharge of the condenser induces very large electromotive 
forces in SS and produces long sparks between the terminals 
of SS. 

A very striking property of the dischai^e from SS, which is 
due to its high frequency, is that it traverses only the surface 
layers of a conductor and it may therefore be passed through 
(over) the human body with impunity, 

Leyden Jars as oscillators and resonators. — Similar circuits may 
be connected to two Leyden jars so that the oscillations which 
occur when one Leyden jar discharges through its circuit are in 
unison with the proper osdllarions of the closed circuit of the other 
jar, so that the inducing action on the circuit of the second jar is 
cumulative. An instructive experiment is the following : A Ley- 
den jar is connected to a vertical rectangular circuit of wire WW as 
shown in Fig. 1 87, and an electric machine repeatedly charges the 
jar until it discharges across the air gap g and through the circuit 
WW. This discharge is oscillatory in character and it has a 
definite frequency. A second jar similar to the first is skort-dr- 
cuited by a vertical rectangular wire frame tuw as shown in Fig. 
188, and placed along side of the arrangement shown in Fig. 
187. By adjusting the size of the circuit in Fig. 188, the free 
period of oscillation of this circuit may be made to coincide with 
the period of oscillation of the circuit in Fig. 187, and, when 
this condition is reached, the induced oscillations in the circuit 
become sufficiently intense to produce a spark across the air gc^ 
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a. This experiment illustrates the phenomenon of electric reso- 
nance. Each oscillation of the circuit in Fig. 1S7 induces a 
slight electromotive force in the circuit of Fig. 188, these succea- 
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sive electromotive forces are in unison with the proper period of 
oscillation of the circuit in Fig, 1 88, and therefore their effect is 
cumulative. 

The Tesia induction coil is usually arranged so that the induc- 
lance of its primary circuit can be adjusted, thus altering the 
frequency of the oscillatory discharges through the primary coil. 
Then by adjusting the inductance of the primary until the fre- 
quency of oscillation of the primary circuit is the same as the 
frequency of oscillation of the secondary circuit, the successive 
surges of current in the primary coil become cumulative in their 
«fiect on the secondary (resonance). 

144. Water waves in a canal. — Before attempting to describe 
electrical waves, it is desirable to consider some of the phe- 
nomena presented by water waves. A water wave consists of a 
moving hill of water, a given particle of water is set in motion 
when the wave reaches it, and comes immediately to rest after 
the wave has passed. What supports the hill of water, and 
-what produces the unbalanced force which causes the water to 
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gain velocity and lose it again during the passage of the wave ? 
A wave always consists of two elements which travel along together, 
a local distortion of the medium and a local state of motion of the 
medium, the forces which are associated with the distortion are the 
forces which produce the motion ; this production of motion involves 
acceleration and the reaction of the acceleration gives rise to the 
forces which produce distortion. The distortion creates the mo- 
tion and the motion creates the distortion as they both travel 
along together. The two are mutually dependent. 

A consideration of the simplest kind of water waves in a canal, 
namely, the kind in which the only perceptible motion of the 
water in the wave is a uniform horizontal flow, will serve better 
than anything else as an introduction to the discussion of electric 
waves. Consider a canal of rectangular section which is filled to 
a depth x with still water. Imagine a gate to be moved slowly 
along the canal at velocity v, as shown in Fig. 189. The water 
next the gate is set in motion, and in being set in motion it heaps 
up to a definite depth x -^ h\ and a wave of starting W moves 

-" along the canal at a definite 

velocity V. If the gate is sud- 

' denly stopped, the wave of 

starting W continues to move 

as before, the water next to the 

gate, in being stopped, drops 

'■ ' ■ to its normal depth x, and a 

wave of arrest W moves along the canal as shown in Fig, 

190. The elevation A of the water in the wave is supposed to 

be small. 

The uniformly moving and uniformly elevated body of water 
A, Fig, 1 90, constitutes what is called a complete wave, or simply 
a wave. The water in front of the wave is continually set in 
motion at velocity v and raised to the depth x + h. The water 
in the back part of the wave is continually brought to rest and 
lowered to the normal depth x of the water in the canal. 
Thus, the state of motion which constitutes the wave A travels 
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along the canal without changing its character, friction being 
neglected. 

An essential feature of any wave which moves along without 
changing its shape is that the kinetic energy is equal to the potenttai 
energy in ike wave at each point. Thus, the kinetic energy of ' 
the water wave A, Fig. 190, due to the uniform velocity v of 



the water in the wave is equal to the potential enei^ due to the 
elevation A.* When the potential energy in a wave is equal to 

•The following derivation of the velocity of b, water wave in a canal shows the 
■ignificaiice of equality of polential and kioelic energj'. This discussion is based 
npon a slight modificatioQ of the conditions sbown in Fig. 1S9, as follows : Water of 
depth X flows along a canal of rectangular seetioo at a nnifonn velocity (small) of 
V centimeters per second. A gate is suddenly closed as showo in Fig. 191 ; the 
moving water, in being bronght to test against Ihe gate, heaps up to adepth x -\- h\ 
and a wave of arrest W, Fig. 191, 
moves along tbe canal at a definite ve- 
locity V. Thtr action involved in Fig, 
191 is identical to tbe action involved 
in Fig. 189. In fact, Fig. 1S9 can be 
converted into Fig. 191, by imagining 
eveiytbing in Fig. 1S9 to be moving to 
the right at velocity v. The discussion 
of Fig. 191 is simpler than the discus- 
sion of Fig. 189 because the potential ene^y is in one portion of the water and 
the kinetic energy is in another portion, whereas in Fig. 1E9 the potential energy and 
the kinetic energy are both in one portion of the water. Let b be tbe breadth of the 
canal. Consider a transverse slice of water one centimeter thick. The volume of 
this slice is ix cubic centimeters and its mass is dbx grams, where d is the density 
of the water in grams per cubic centimeter. Therefore the kinetic energy of thisslice 
of water when it is moving at a velocity of v centimeters per second is \iitxiA. 
When the wave of arrest IV, Fig. 191, reacheslhesliceofwaterunder consideration, 
the tlice, as it comes to rest, is squeezed together and increased in depth io x-\- k. 
The slice is decreased in thickness in proportion lo its increase in depth, so that it* 
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the kinetic energy, we have what is called a pure wave, and when 
the potential energy in a wave is not equal to the kinetic energy 
the wave is called an impure wave. 

The behavior of an impure wave pulse in a canal may be stated 
by considering an extreme case of an impure wave as follows : 
Consider an elevated portion of still water in a canal as shown 




Fie- 192- 

thickness is reduced to xj{i ■\- h) otto (i 

small. Therefore, tbe decrease of thicknes 

acting to reduce the thicknesi of the slice Is 

<la« to the increase of pressure in the wnti 

This increase of pressure is equal to kdg d^nes per square centimeter when the sli 

has reached its greatest depth, so that the averse increase of pressure due to increa^ 

ing depth is \hdg, which produces over the face of tbe slice a force equal I 

\hdg X ^''i '"'^ (he product of this force and the decrease of thickness of the siic 

gives the work done in decreasing its thickness. This work must be equal 

original kinetic energy of the slice, so that 



Fie- 193. 

— Ajx) of a centimeter, h beingvery 
is kjjc of a centimeter. The force 
to be considered as that force which is 
■ produced by the increasing depih k. 



the 



\dbxT/i = \dbh''g 



Consider the instant / seconds after the closing of the gate in Fig. 191. The wave 
of aneat W has reached the distance F/ from the gKte, and the excess of water that 
is represented by the raisJng of the water level (= f'/ X -* X * cubic centimeters) is 
the amount of water supplied by the flow of the canal in / seconds [=ixvt cubic 
centimetersl. Therefore 

Vtki = ixta 



Snbstiluting the value v from equation (i) in equation (ii), we have 

v~Vp (iil) 

Therefore the velocity of progression of a wave in a canal is equal to the velocity 
gained by a body in billing freely through the distance xji. 
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in Fig. 192, This body of elevated water is an impure wave in- 
asmuch as its velocity of flow v is zero, and therefore its potential 
energy of elevation cannot be equal to its kinetic energy of flow. 
Such an elevated portion of still water breaks up into two oppo- 
sitely moving pure waves, and the initial stage of this process of 
breaking up is indicated in Fig. 193. 

When a wave like A, Fig. 190, travels along a canal, the 
velocity of flow v is continually decreased by friction, whereas 
there is no action tending to reduce the elevation h. Therefore 
thai portion of the elevation which is in excess of what is required 
to give a pure wave with what remains of the velocity of flow, 
behaves exactly like flie elevation A in Fig. 192, that is, this 
excess of elevation breaks up into two pure waves a and b, Fig. 
193, the portion a merges with the original wave A and the 
portion b shoots backwards. 

The upper part of Fig. 194 represents, on an exaggerated 
scale, the elevated portion of water in a pure wave. The velocity 



^ airentlon ot pre jrewton 




of flow V in this wave is continually reduced by friction as the 
wave travels along the canal, the excess of elevation which is 
being thus continually left in the wave causes a long drawn-out 
wave to shoot backwards, and after a time tlie wave has the 
form shown in the lower portion of Fig. 194, The head of the 
wave is greatly reduced in intensity (energy value) partly be- 
cause of the loss of energy by friction and partly because of the 
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carrying of enci^ backwards into the tail of the wave. After 
a given interval of time the tail of the wave has a total length 
2 Vi where V is the velocity of progression of the wave. 

If a canal is filled brimful of water so that the elevation of the 
water level causes an overflow, or spill, the tendency is for a 
wave to remain pure, and therefore to be propagated without 
change of shape, because the elevation is reduced by spill and 
the velocity of flow v is reduced by friction. This is precisely 
analogous to the action which takes place on a poorly insulated 
telephone line and which causes such a telephone limit to transmit 
speech more distinctly than if it were thoroughly insulated. 

146. The electromagnetic wave. — An electromagnetic wave 
consists of a state of ether distortion and a state of ether motion 
traveling along together and mutually sustaining each other. 
The ether distortion is electric field and the ether motion is mag- 
netic field. A layer of electric field unsustained breaks up into 
two electromagnetic waves just as the elevated portion of water 
in Fig. 192 breaks up into two water waves. 

The action which takes place in an electromagnetic wave may 
be clearly understood with the help of Maxwell's conception of 
the electromagnetic field. It is desirable to consider the case of 
an electric wave which moves along between two wires (or broad 
sheets of metal) which Sound the electric wave very much as a 
speaking tube bounds a sound wave which passes through it 

Figure 195 shows two broad sheets of metal with an electro- 
magnetic wave pulse traveling along between them at velocity 
K The fine vertical lines represent the electric field which is 
towards the top of the page, and the dots represent the lines 
of force of the magnetic field which is perpendicular to the plane 
of the paper and directed towards the reader. A single chain 
of geared cells is shown in the figure, although a complete repre- 
sentation of what takes place in the wave would necessitate the 
showing of great numbers of horizontal chains of geared ether 
cells every one of which would be exactly similar to the one 
shown in Fig. 195. Within the region of the wave the ether 
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cells are all in utitform rotation as indicated by the small curved 
arrows, and within the region of the wave the chains of cells are 
all distorted, positive cells being displaced upwards with respect 
to the negative cells, as shown in Fig. 195. 
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Fig. 195. 

Throughout the middle portion of the wave each rotating cell 
is acted upon by equal and opposite torques by the adjacent cells 
ahead of it and behind it, as explained in connection with Fig. 
175.* Therefore all the cells in the middle portion of the wave 
continue to rotate at unchanging speed, and the zigzag distortion 
of the chain of cells remains unchanged in the middle portion of 
the wave The cell d, however, exerts an unbalanced torque 
upon the cell /, as indicated by the dotted arrow T', and this 
torque quickly sets the cell / into rotation. Also the cell 5 
exerts an unbalanced torque T upon the cell c which quickly 
stops the rotation of the cell c. Thus the combined state of 
motion and distortion of the ether cells between c and / travels 
to the right. 

The terminating of the electric lines of force on the wires (or 
metal sheets) which bound the electric wave constitutes electric 

* Figare 195 repiescDts what may be called a rectangular electromagnetic vaTC 
pulse throi^hoat which the electric lield is tini/ortn and throughout which the mag- 
netic lield is tinifbrm. 
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charges, positive on the lower wire and negative on the upper 
wire, in Fig. 195- It is evident, furthermore, that the uniform 
rotation of the ether cells in the region of the wave involves the 
slipping of the ether cells where they come in contact with the 
sheets of metal which bound the wave. This slipping constitutes 
an electric current which flows to the left in the upper wire and 
to the right in the lower wire in Fig. 195. 

Figure 195 represents what is called a rectangular wave pulse. 
Fig. 196 shows what takes place when a simple train of electro- 
magnetic waves travel along between two broad metal sheets. 
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Hertz's experiments with electric wavesJ" — The oscillator used 
by Hertz consisted of two brass rods A and B with an air gap 
g, as shown in Fig, 197. These two rods were connected to 
the terminals of an induction coil as indicated, at each impulse 
of electromotive force from the induction coil a spark breaks 

* These eiperiments were described originate in IViafemanH' s Annalen. A veiy 
complete descriptioD of them ma; be found in Herli'i book on EUctrU Wavtt, Eng- 
lish traasUtion pnblished by The MBcmillan Company. 
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across the gap g and the discharge surges back and forth along 
the rods until the energy of the charge is dissipated. 

The resonator. — The elec- 
tric waves were detected in H Ij 
Hertz's original experiments 
by means of an arrangement 
similar to the oscillator, but 
with a shorter spark gap and 
without connections to an in- ' 
ducdon coil. This arrange- 
ment, which is called the resonator, has the same period of oscil- 
lation as the oscillator so that the action upon it of the train of 
waves from the oscillator is cumulative, causing it to oscillate in 
sympathy with the osdllator just as one tuning fork vibrates in 
unison with a similar one which is set vibrating with a hammer 
blow. The oscillations of the resonator were indicated by 
minute sparks in its gap g. Fig, 198. 

The reflectors. — The waves which emanate from the Hertz 
oscillator are very weak at any considerable distance, and their 
action upon the resonator may be greatly intensified by the use 
of parabolic reflectors. The oscillator and the resonator were 
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placed along the respective focal lines of two parabolic cylinders 
made of sheet metal, as shown in Fig. 1 98 and the resonator was 
arranged so that its spark gap was behind the mirror and thus 
easily visible. 

Reflection of electric waves. — lATien the oscillator and resona- 
tor are arranged as shown in Fig, 198, a very distinct effect of 
the resonator is produced when the oscilla- 
tor is active, the waves from the oscillator 
being concentrated upon the resonator by 
the action of the two parabolic reflectors. 

^yhen arranged as shown in Fig, 199, 
AB being a plain sheet of metal, and the 
angles ^ being equal, a very distinct effect 
'_ on the resonator is produed. 

RefracUon of electric waves. — When the 
oscillator and resonator are arranged as 
shown in Fig. 200, in which PP repre- 
sents a large prism, of asphaltum or parafHne, a very distinct 
effect is produced upon the resonator. 

Polarization of electric waves. — A frame strung with a grating 
of fine metal wire acts as a good reflector for the waves from a 





Hertz oscillator, when the wires of the grating are parallel to the 
axis of the oscillator. When the wires of the grating are at right 
angles to the axis of the oscillator, the waves pass through the 
grating without perceptible diminution in intensity. Therefore 
the waves from a Hertz oscillator are plane polarized. 

Stationary electric waves. — If the plane waves from the oscil- 
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lator and its parabolic mirror are allowed to fall perpendicularly 
upon a plane sheet of metal AB, as shown in Fig. 201, the 
resonator is not acted upon if it is placed at certain points 
K, «', «' ', and so on, whereas the resonator is acted upon if it is 
placed at positions intermediate between these points. The 



A 

\ 



reflected waves from AB, Fig. 201, form with the advancing 
waves a stationary wave train of which nodes are situated at the 
points n, n', n", and the antinodes at the points aa, 

146. The law of Indoced electromotive force and its bearing opon 
electromagnetic wave motion. — Let H be the intensity in gausses 
of the magnetic field in the region of the wave shown in Fig. 195, 
let y be the intensity of the electric field in abvolts per centi- 
meter, and let / be the distance across from wire to wire (sheet 
to sheet). The sidewise motion of the magnetic field at velocity 
V induces an electromotive force in the region of the wave and 
this electromotive force in abvolts is given by the equation 

as explained in Art 64, Therefore the electric field intensity in 
the wave (Ejl) is given by the equation 



f=HV 



(;8) 



in which f is expressed in abvolts per centimeter, H is ex- 
pressed in gausses, and V is expressed in centimeters per 
second. 
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Calculation of velocity of progression of the electromagnetic 
wave. — The intensities of the mutually dependent electric and 
magnetic fields which constitute a pure electromagnetic wave must 
satisfy two conditions, namely, {a) the magnetic energy per unit 
volume in the wave must be equal to the electric energy per unit 
volume in the wave,* and {b) the velocity of the wave must be 
such as to satisfy equation (78), so that the electric field may be 
wholly sustained by the inducing action of the moving magnetic 
field. 

■ The magnetic enei^y in ergs per cubic centimeter in a wave is 
equal to H^j^ir according to equation (27), the intensity H of 
the magnetic field being expressed in gausses. The electric 
»iei^ per unit volume in a wave is given by equation (7S), in 
which equation the energy is expressed in Joules per cubic centi- 
meter and the electric field intensity is expressed in volts per 
centimeter. Reducing to c.g.s. units (energy in ergs per cubic 
centimeter and electric field intensity in abvolts per centimeter) 
we have 

as the expression for the electric energy in ergs per cubic centi- 
meter. Therefore the iirst condition above mentioned gives the 
equation 

Therefore solving equations (78) and (79) for V, we have 

F* = — X 10' (80) 

but the factor B is equal to 1.131 x 10", according to Arts. 
91 and 98, Therefore we have 

F— 2.996 X lo"* — ' (81) 

The velocity of an electric wave thus calculated is identically 

•See footnote to Art, 144. 
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«qual to the velocity of light as determined by direct observation. 
Therefore the most accurate method for determining the value of 
the constant B as used in Arts. 9 1 to 98 is to calculate its value 
from the observed value of V using equation (81). 

The identity of the velocities of electromagnetic waves and of 
light waves was first pointed out by Maxwell and it b now uni- 
versally conceded that light waves are electromagnetic waves. 

147. Electric wave distortioa. — So long as the electric and 
magnetic field intensities in the wave which is shown in Fig. 195 
continue to satisfy equation (79), the electromagnetic wave remains 
pure and it does not change its shape as it travels along. The 
effect of the electrical resistance of the two bounding wires (or 
metal sheets) is to cause a steady decay of the magnetic field, and 
the effect of imperfect insulation of the material between tlie 
bounding wires is to cause a continual decay of the electric field. 
The continual decay of the magnetic field may be thought of as 
due to the resistance which opposes the slipping of the rotating 
ether cells where they are in contact with the bounding wires in 
Fig. 195, and the continual decay of the electric field is somewhat 
analogous to the slow disappearance of stress in a stretched piece 
of rubber which may be supposed to have, in addition to its elastic 
property, a certain degree of viscosity, like pitch, so as to con- 
tinually yield under the influence of the stress. When the re- 
sistance per unit length of the bounding wires in Fig. 195 bears 
■a certain ratio * to the insulation resistance of the material be- 
tween unit length of the bounding wires, then the electric and 
m^netic fields decay in such a way as to continually satisfy equa- 
tion (79J, and the wave progresses without changing its shape. A 
pair of transmission wires which satisfies this condition constitutes 
what is called a distortionless line. In all ordinary telephone lines 
the effect of line resistance is greatly in excess of the effect of line 
leakage,t and therefore an electric wave in being transmitted along 

• This relation may be quite easily foimolated bot an elaborate discasskin of ware- 
dUtorlioa is not witbin tbe scope of this text. 

tSereral interesling examples aie given by B. S. Cohen in 7il< RUctriciart 
^London), April to, 1908. 
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a telephone line sui^rs continual distortion because of the rapid 
decay of magnetic field due to line resistance. The distortion of 
an electric wave as it travels along a pair of telephone lines is 
similar in many respects to the distortion of a canal wave as de- 
scribed in Art. 144 and as represented in Fig. 194. Imagine a 
rectangular electromagnetic wave-pulse to be started at the middle 
of a long telephone line (two wires of course). Let the small 
rectangle in the upper part of F^. 194 represent the initial form 
of the wave. After the elapse of time the wave changes to the 
shape shown by BB, Fig. 194. The eneigy in the head of the 
wave decreases partly because of the RP losses in the line wires 
and partly because of the shooting of enei^ back into the tail 
of the wave. 

The transmission of articulate speech over a telephone line de- 
pends upon the transmission of characteristic shapes of electric 
waves. Thus, the shapes of the 
electnc waves necessary to re- 
produce certain vowel sounds are 
shown in Fig. 203, and the wave 
shapes which are necessary to 
produce consonant sounds are 
very much more complicated than 
these. The wave distortion on 
the line tends to make each ele- 
mentary portion of a wave spread 
out as shown in Fig. 194, and if 
each elementary portion of a com- 
plicated wave spreads out in this 
'^'*' ■'"■'■ way the fine details of wave shape 

are very soon obliterated as the wave travels along. 

It is not desirable to eliminate wave distortion by providing 
poor insulation between telephone wires because this results in a 
great reduction in the amount of energy transmitted. The method 
which is used in practice is to connect small inductance coils in 
circuit with the line wires at intervals over the whole length of 




SAWA 



D,t„db, Google 



ELECTRIC OSCILLATIONS AND ELECTRIC WAVES. 2? I 

the line. The effect of these inductance coils is to permit of the 
satisfying of equation (79) (magnetic enei^ equal to electric 
energy) with a very greatly reduced value of current in the line 
wires so that the RP loss, which is the cause of the wave dis- 
tortion, is very greatly reduced. A telephone line provided with 
inductance coils in this way is called a loaded line. This arrange- 
ment is due to Fupin. 

The canal analogue of a loaded telephone line is as follows : 
Imagine a great number of thin boards to be placed across the 
canal in the form of diaphragms but free to move with the water 
in the canal, and imagine these thin boards to be very massive. 
The effect of fliese massive boards would be to reduce the 
velocity V in Fig, 190 and still permit the kinetic energy of the 
moving water and boards to be equal to the potential energy due 
to the elevation of the water in the wave. This reduced velocity 
of flow V would greatly reduce the friction of the water against 
the sides of the canal and therefore the kinetic energy of the 
wave would be dissipated much less rapidly than if the water in 
the canal were not loaded. 

The loading of a telephone line is helpful only when the energy 
loss due to line resistance is much greater than the enei^y loss 
due to line leakage (poor insulation). When line leakage (poor 
insulation) is excessive, the loading of the line tends to increase 
wave distortion. The explanation of this effect of loading is as 
follows : The velocity of transmission of the waves along a line 
is greatly reduced by loading so that a longer time is required 
for a wave to travel over the line and therefore the wave loses 
energy by leakage for a longer time.* 

Problems, 

143. Ten horse-power is transmitted along a row of gear wheels, 

the speed of each of which is i,20o revolutions per minute. The 

•The student who wishes to pursue the study of the theorj of electric nmet 
should read HeflTiside's Elrctromagnetic THiery, Vols. I and II, London, The Elec- 
tridsa CompBDj. The second put of Vol, 1, camel 7, pages 306 to 455, isespedalljr 
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diameter of the pitch drcle of each gear is 2 feet Find : (a) 
The tangential force exerted on a given gear wheel by each ad- 
jacent wheel, and {i) the torque exerted upon a given gear by- 
each adjacent gear and express the result in pound-feet Aiis. 
(a) 2 1 J pounds, (i) 2 1 J pound-feet 

144, A long wire of which the resistance per centimeter of 
length is 0.02 ohm carries a current of 3 amperes, {a) Find the 
rate at which energy flows in upon each centimeter of length of 
this wire in ergs per second. (6) Find the intensity of the 
energy stream at a distance of 15 centimeters from the wire in 
ei^s per second per square centimeter. (1:) Find the intensity of 
the electric field parallel to the wire in abvolts per centimeter and 
find the intensity of the magnetic field in gausses at a distance of 
15 centimeters from the wire, (rf) Find the value of the pro- 
portionality factor by which the product of intensities of electric 
and magnetic fields (at right angles to each other) must be mul- 
tiplied to give the intensity of an energy stream in ergs per 
second per square centimeter. Ans. (u) i,8oo,000 ergs per 
second. (l>) 19,100 ergs per second per square centimeter. (<r) 
6,000,000 abvolts per centimeter, (d) l/47r. 

146. Consider two line wires in the form of two flat metal rib- 
bons 50 centimeters wide and 3 centimeters apart. At a given 
point // the electromotive force between the ribbons is too volts 




FtE' 203. 

and the current in each ribbon is 10 amperes, as shown in Fig. 
203. (a) Find the rate in ei^s per second at which enei^ flows 
past the given point /> from generator towards receiver in 
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ei^s per second, using the ordinary formula P^EI. {b) 
The electric field intensity between the points pp in Fig. 
203 is 33^ volts per centimeter and the magnetic field between 
the strips is uniform and perpendicular to the plane of the paper. 
Let the intensity of the magnetic field be H. Express the 
intensity of the energy stream across pp in ergs per square 
centimeter per second in terms of H and the electric field, 
intensity using the proportionality factor found in problem 147. 
Multiply this intensity of the energy stream by the sectional area 
across which it flows at pp and place this result equal to EI 
(expressed in c.g.s. units of course) and thus find the intensity of 
the uniform magnetic field between the two ribbons. Ans. (cz) 
10^" eigs per second, {b) 47r/5o gauss. 

146. A water wave travels along a canal in which the normal 
depth of water is 6 feet, the width of the canal being 1 2 feet 
The wave is 30 feet long and the water in the wave has a uniform 
velocity of 0.3 foot per second. Find the total enei^ of the 
wave counting both potential energy and kinetic energy. Ans. 
379-7 foot-pounds. 

147. A rectangular electromagnetic wave-pulse is bounded by 
two broad sheets of metal as shown in Fig. 195, The width of 
the sheets is 50 centimeters, their distance apart is 3 centimeters 
and the length of the wave pulse is 100 centimeters. The inten- 
sity of the uniform magnetic field in the region of the wave is 10 
gausses. Find the total energy of the wave including electric 
and magnetic energy. Ans. 3,ooo,ooo/87r ergs. 

148. A battery of which the electromotive force is 1,000 volts 
is connected at a given instant to the two wires of a transmission 
line. Treating the transmission line as though it consbted of two 
flat ribbons, make a diagram somewhat similar to Figs. 195 and 
196 showing the distribution of current in the bounding metal 
sheets, the distribution of charge on the bounding metal sheets, 
and the distribution of electric and magnetic fields in the region 
between the sheets at an instant t seconds after the battery is 
connected, Vt being less than the length of the line, where V 

19 
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is the velocity of progression of electric waves along the line. 
Assume in this problem that the resistance of the bounding metal 
sheets is negligible. 

Natl. — A wBTe of suiting timrels oat from the battery end of the line >t 
Tclocitj' V. Ahead of this wave of stoiting the line U whollj undUtuibed. Behind 
this wave of Etarting the current in each line has everywhere the sain« value ■' (oDt- 
wards in one line, backwards in the other line), the electromotive force between mains 
i» everywhere equal to l,ooo Tolti, the electric field intenu'tjt between the ribbons 
has everywhere the same Tklue, and the maeoetic field between the ribbons has 
everywhere the same vaiae H. The clrclric eoergy per unit length of the pair of 
ribbons may be calculated with the help of equations ( 65^) and ( 6z) by considering 
the ribbons as the two plates of a condenser, the electromotive force between them 
being 1,000 volts. The intensity of the magnetic field between the ribbons may then 
be found from the fact that the electric energy must be equal to the magnetic energy, 
and the cmrent in each ribbon may then be found from the relationship established in 
problem 147. Calculate the intensity of the electric field, the intensity of the m^- 
netic field, and the current ia each ribbon in the region behind the wave of starting 
in problem 148. 

149. The end of the transmission line (pair of ribbons) in prob- 
lem 148 is short-circuited by zero resistance. Make a diagram 
showing the distribution of electric and magnetic field, the distri- 
bution of charge on the two ribbons and the distribution of cur- 
rent along the two ribbons at an instant 'after the wave of starting 
has been reflected from the short-circuited end of the line. 

Note. — The student should read Art. 136 of Franklin and MacNutt's Elements 
of Mechanics in order to be able to understand this problem. 

150. The end of the transmission line (pair of ribbons) in 
problem 148 is open, that is the two ribbons come to an end in 
air. Make a diagram showing the distribution of electric and 
magnetic field, the distribution of chai|;e on the two ribbons and 
the distribution of current along the two ribbons at an instant 
after the wave of starting has been reflected from the open 
end of the line. 

151. The transmission line specified in problems 148, 149 and 
1 50 is assumed to have zero resistance, and the short-circuit at 
the end of the line is assumed to have zero resistance in problem 
149 so that the current produced by the battery in problem 149 
ultimately becomes indefinitely large. Plot a curve showing the 
growth of current at the battery terminals with lapse of time. 
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Nett— The batterj cuirenC stuU at a definite thIuc i, u eipluned in the note 
to problem 148, and retains this value until the wave of itartiog travels to the end of 
the tine and back, when the current suddeoly increases to the value of 21 and so on. 
The effect of the resistance of the transmission line is too complicated to permit of its 
being easily takeii bto acMont, and thereroie the resiitance of the transmission line il 
assumed to be zero in pn^lems 14S, 149, 150 and 151. 

152. A long train of cars has highly elastic springs in the 
couplers. Describe the precise manner in which the train gains 
velocity under a constant pull of the locomotive, ignoring friction. 

Note. — The maimer of starting of the train is precisely analogous to the manner 
of setting up a cnrreat in the transmiuion line in problem 149. 
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CHAPTER X. 
ELECTRICAL MEASUREMENTS. 

148. AbBOlnte measuiements and international standards. — 
The measurement of an electrical quantity in terms of the me- 
chanical units of length, mass and time directly is called " abso- 
lute " electrical measurement For example, the measurement 
of current by the Weber electro-dynamometer as explained in 
Art. 59, is an "absolute" measurement. Absolute electrical 
measurement requires, in most cases, elaborate apparatus, and, 
unless extreme precautions are taken, is subject to considerable 
error. In consequence of this fact a standard of resistance and 
the electrochemical equivalent of silver have been measured " ab- 
solutely " with extreme care and adopted as international stand- 
ards,* and all ordinary electrical measurements consist in the 
comparison of the quantity to be measured with these standards. 

Measurement of Current. 

149. measurement of current by electrolysis. — The electro- 
chemical equivalent of a metal having Been determined once for 
all, the strength of any current may be easily and accurately 

*Th« interD&tional standard ampere is defined in Art. 3, and the method bj which 
it was determined is described in Art. 59. The international stardard ohm is defined 
b Art. 51, and the method by which it was delennined is described in An. 152. It 
is likely that the etectiomotive force of the Clark standard cell (see Art. 159) will be 
adopted as an internatiooal standard al the next International Electrica] Congress. 
In fact, all practical electrical measurements are now based upon the standard cell 
and a standard ohm. The Qse of the silver Toltameter is very tedious and the results 
obtained arc less reliable than those which may be obtained with great ease by the 
use of a standard ohm and a standard cell. 

An historical sketch of the international units by Frank A. Wolff is to be found in 
the BuIIilm cf the United Slates Bureau o/^andards. Vol. I, pages 39-76. The 
Acts of Congress establishing th« legal electrical units for the United Slates are giren 
on pages 61-65. 
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measured by weighing the metal deposited by the current during 
an observed interval of time. 

An electrolytic cell arranged for the measurement of current 
by electrolysis is called ^coulombmeter. Thus we have the silver 
coulombmeter (which is described on page 21), the copper cou- 
lombmeter, and the water coulombmeter. The water coulombmeter 
consists of an electrolytic cell with platinum electrodes and con- 
taining dilute sulphuric acid. It is arranged so that the liberated 
oxygen and hydrogen may be collected and its volume measured. 

150. MeasnreiiieBt of current by the potentiometer and a stand- 
ard resistance.* — The most convenient method for measuring 
current accurately in the laboratory is to send the current through 
a standard resistance and measure the electromotive force across 
the terminals of the resistance by means of a potentiometer, as 
explained in Art. 159- This method is convenient because it is 
very much quicker than the electrolytic method and it is quite 
accurate because standard resistances are now available which are 
reliable to within, say, o.oi of one per cent, and the electromo- 
tive force across the resistances can be measured by means of the 
potentiometer in terms of the accurately-known electromotive 
force of the standard cell. 

151. Duect-reading ammeters. — An ammeter is a galvanom- 
eter with a pointer which plays over a scale which is divided and 
numbered so that the reading of the pointer gives the value of the 
current directly. The ammeter which is described in Art. i con- 
sists of a pivoted coil through which the current flows, and a 
permanent magnet which deflects the coil. This arrangement is 
essentially similar to the D'Arsonval galvanometer which is de- 
scribed in Art. 61. Another type of ammeter, the electrodyna- 
mometer type (see Art 59), is used generally for alternating-cur- 
rent measurements. It consists of a pivoted coil and a fixed coil 
connected in series. The current to be measured flows through 
both coils and the force action between the coils causes the pivoted 

* See Practical Pkysict, bj FranlcliD, Crawford and MacNatI, pages 62-74. 
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coil to be deflected. The plunger type of ammeter is extensively 
used where cheapness is a prime consideration. In instruments 
of this type the current flows through a coil of wire which mag- 
netizes and moves a pivoted or suspended piece of soft Iron to 
which the pointer is attached. 

Measurement of Resistance. 

152. AbaalntamMUnnmentof fMUtauM. Lorau'ametliod.— A drcnlu-dbk 

of copper DD, Fig. 304, is mounled on an axle and drivcD at a uniform speed of n 
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rcToludons per second. This disk is surrounded by a large coil, or solenoid, SS 
through which a ileady current / (the value of which need not be known), flows 
from a battery B. This current also Sows through the resistance R which is to be 
measured, and an auxiliary circuit coDtaining a sens tivc gal Tanometer G is connected 
so that (he eleclromotive force which is induced in the rotating disk twtween the 
brushes a and b can be balanced against the electromotive force Rl across the re- 
sistance R, this balance being indicated by zero deflection of the galranometer. The 
inten^ty of the niagnetic Geld in the solenoid SS la H^\ml, CTcrything being 
expressed in c.g.S. units and < being the namber of turns of wire per centimeter 
length of the solencnd. Any given radial fjlament of the rotating disk cuts nr* X ^ 
lines of flux during each revolution of the disk, so that the electromotive force induced 
between the center and the circumference of the disk is equal to jtH X Hy^ n or 
frr* X 4^'^^ "• When the apeed of the disk is increased ontil the galvanometer 
gives no deflection, then this mduced electromc^ve force is equal to RI, whence we 
have 

R/^irr^XA^/X" 



153. Resistance boxes. — The measurement of resistance ordi- 
narily consists of the determination of a given resistance in terms 
of a known resistance. In many cases this measurement is ac- 
complished by adjusting a known resistance until its equal to the 
resistance to be measured, and a resistance box is an arrangement 
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by means of which any desired known resistance may be intro- 
duced into a circuit. The usual construction of the resistance box 
is as follows : A series of massive metal blocks are connected by 
wires whose resistances are i, 2, 2, 5, 10, 10, 20, 50 ohms, etc., 
respectively. By means of conical metal plugs which fit snugly 
between the blocks, the blocks may be connected at pleasure, 
leaving the resistance between them approximately equal to zero. 
Figure 206 shows the essential features of this construction. 



T ? 





164. Measurement of resistance by Wheatstone's bridge. — 
Wheatstone's bridge consists of a net-work of conductors, as 
shown in Fig, 206, A battery circuit branches at the points a 
and 6, and the current flows through the four resistances a, ff, 
7 and 8, as shown. A sensitive galvanometer G is connected 
between the points c and d. When no current flows through 
the galvanometer the four resistances a, /?, 7 and S satisfy the 
■equation 

I- 1 («^) 

The method of using this arrangement for the measurement of 
current is explained in Arts, 155 and 156, 

Pf oof of equation [8 2). — Let i' be the current flowing through 
o and ;3 (the same current flows through a and j8, since the 
galvanometer current is zero) and let i" be the current flowing 
through 7 and S. Inasmuch as there is no current flowing 
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through the galvanometer the electromotive force between c and 
d must be equal to zero. Therefore the electromotive force ai' 
between a and c is equal to the electromotive force 7(" be- 
tween a and d, that is. 



and similarly we lind 



or X- yt" 



(i) 



Dividing equation (i) by equation (ii), member by member, we 
have equation (82). 

1S5. Ueasiirement of resfstance by the slide wire bridge. — A 
stretched wire ab. Fig. 207, an unknown resistance o, a 




known resistance jS, and a sensitive galvanometer G are con- 
nected as shown to a battery B. The lettering in Fig. 207 cor- 
responds to that in F^, 206, The sliding contact d is adjusted 
until the galvanometer gives no deflection and then equation (82) 
is satisfied, but y/£ is equal to the ratio of the lengths of the 
corresponding portions of the wire ab, and it is easily deter- 
mined by measuring the lengths ad and db. Therefore, fi 
being known, a may be calculated. 

106. Ueasurement of resistance by the box bridge, — The box 
bridge is a resistance box containing three sets of resistances, 
/S, 7 and S connected as shown in Fig. 208. The dotted lines 
represent connections outside the box. The portions 7 and h 
usually have each a lo-ohm, a lOo-ohm, and a 1,000-ohm coil. 
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so that the ratio 7/£ may have a series of values any one of 
which may be chosen at will. The portion $ contains usually 
I, 2, 2, and S of each units, tens, hundreds, etc., of ohms. An 
unknown resistance a is connected as shown, the ratio 7/^ is 
chosen, and the value of >? is changed until the galvanometer 




Ipves no deflection, the battery key K' being closed first and 
the galvanometer key IC afterwards.* The value of a is then 
calculated with the help of equation (82), 

167. The measttrement of resistance by the ammeter and volt- 
meter, — In the dynamo testing laboratory, where it is usually 
inconvenient to use Wheatstone's bridge, resistance is ordinarily 
measured by means of an ammeter and a voltmeter as follows : A 
current, which is measured by an ammeter, is sent through the 
resistance, and the electromotive force between the terminals of 
the resistance is measured by means of a voltmeter. The value 



• If the galTttnometer cirenit is closed when 
ai7 pulse of coirent majr Soir through the gait 
Bed. In order that this TnomeotBiy pulse of cui 
«iisl between the inductances of the four air 
poise of cmreat due to indactance is made u< 



batterykejr ^ isclosed, amoment- 
ameter even if equation (83) is satii- 
it may not flow, a certain relation most 
af the bridge a, ,9, 7 and rl. This 
■.ot in Maiwetl's method of measaring 



iadactaiice by means of the Wheatslone's bridge. See PracHtat PAysUt, Franklii), 
Crawford and MacNntt, Vol, II, p^jes 1*9-133, 
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of the resistance is then found by dividing the electromotive force 
by the current. 

158. Heasnrement of very high resistances. Insulation re- 
sistance. — Very large resistances cannot be easily measured by 
the methods outlined above. Consider, for example, an insulated 
cable consisting of a core of copper wire surrounded by a layer 
of rubber and inclosed in 3 sheath of lead. If the lead sheath 
is connected to one terminal of a battery and the copper core to 
the other terminal, a certain amount of current will flow through 
the insulating layer of rubber, that is to say, the rubber is not a 
perfect insulator (infinite resistance). V^ry high resistances are 
usually determined by measuring, with a sensitive galvanometer, 
the current / which is forced through the given resistance by a 
lai^e known electromotive force £. Then according to Ohm's 
Law the resistance is equal to Ejl* 

Example. — One terminal of a l,ooo-volt battery is connected 
through a very sensitive galvanometer to the outside tin-foil 
coating on a glass jar, and the other terminal of the battery is 
connected to the inside coating. The current, as indicated by the 
steady deflection of the galvanometer, is 1.4x10""' amperes. 
The resistance of the glass between the coatings is therefore 
equal to 7,100,000 megohms (one megohm is equal to 1,000,000 
ohms). 

Measurement of Electromotive Force. 

159. The potentiometer. — The potentiometer is a device which 
is now extensively used for the accurate measurement of electro- 
motive force. The essential features of this instrument may be 
best described by referring to the slide-wire form f of the poten- 
tiometer, the essential features of which are shown in Fig. 209- 

'InsQlators do not conform to Ohm's Law, or, in other words, the corrent throngh 
an insulator is not strictly proportional to the eleclromoliTe force. Difierent values 
will therefore be obtained for tbe insulation re^stance according to the Talue of elec- 
tnuDotiTe force used. 

t Commercial forms of the potentiometer lor accurate electromotive force measure- 
menls are described in PracUcat Physics by Franklin, Crawford and MacNutt, Vol. 
II, pages 66-74. 
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A bare German silver wire WW is stretched upon a board and 
connected to a battery B so that an invariable current i flows 
through it. A side circuit, containing a sensitive galvanometer 
G and a voltaic cell of which the electromotive force e is to be 




measured, is connected to the wire WW by means of two slid- 
ing contacts a and b. The sliding contact b is adjusted until 
the galvanometer gives no deflection, then 

(i) 

where r is the resistance of the portion ab of the German silver 
wire. The voltaic cell e is replaced by a standard cell of which 
the electromotive force e' is known, and the sliding contact b 
is again adjusted until the galvanometer gives no deflection. 
Then 

/ - r>t (ii) 

where r* is the resistance of the portion a^ of the German 
silver wire. Dividing equation (i) by equation (ii), member by 
member, we have 

The ratio rfr", however, is equal to the ratio of the lengths of 
the respective portions of the wire WW, and this ratio may there- 
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fore be detennined by measuring these lengths, so that the ratio 
of the two electromotive forces is then known. 

Standard ceils. — The Clark standard cell is described on page 
l6. Its electromotive force in volts at t° C. b given by the 
equation 

E= 1.4292 — o.ooi23(^— 18) — o.ooooo7(/— 18)' 

The Weston cell is similar in every respect to the Clark cell 
except that cadmium amalgam and cadmium sulphate are used 
instead of zinc amalgam and zinc sulphate. The electromotive 
force in volts of the cadmium cell (with concentrated solution) at 
t° C. is given by the equation 

E— 1.0187 — o.ooo035(;— 18) — o.oooooo65(; — 18)' 

Measurement of Power. 

160. HeOBiu-ement of power by means of the anuneter and 
TOltmeteT. — The power delivered to an electrical circuit may be 
calculated from the equation P= Ef, when the current / in 
the circuit and the electromotive force E between (across) the 
terminals of the circuit have been measured. This method is 
applicable only in the case of direct currents, that is, where the 
current / and the electromotive force E are steady in value. 

161. Uetuorement by means of the wattmeter. — The watt- 
meter is a special form of electrodynamometer the connections of 

which are shown in Fig. 210, A 
fixed coil of coarse wire B is con- 
nected in series with the receiving 
circuit to which the power to be 
■ measured is delivered, and a sus- 

\)\)\)\) pended or pivoted coil A of fine wire 
Z is connected across the supply mains 

in series with a non-inductive resist- 
ance R. The total current i which 
delivered to the receiving circuit flows through the fixed coil B, is 
a current which is proportional to the supply voltage e flows 
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through the pivoted coil A (this current is equal to efR), and 
the force action between the two coils causes the coil A to move 
and cany a pointer over a divided scale. The force action be- 
tween the two coils is proportional to the product of the currents 
in the respective coils, that is, the force action is proportional to 
e/R X i or proportional to « since /i is constant But «' 
is the power delivered to the receiving circuit, and therefore, 
since the force exerted on the pointer is proportional to the 
delivered power, the scale over which the pointer plays may be 
divided and numbered so as to indicate watts of power directly. 
The wattmeter is always used for the measurement of power 
delivered by an alternator. 

Use of the Ballistic Galvanometer. 
162. Measurement of electric charge and of magnetic flux by 
means of the ballistic galvanometer. — (a) When a ballistic gal- 
vanometer is used to measure the dischai^e q from a condenser, 
the charged condenser is connected to the galvanometer termi- 
nals, and the throw d of the galvanometer is observed. Then 

i-M (i) 

in which jt is a proportionality factor which is called the reduc- 
tion /actor of the galvanometer. This reduction factor is gener- 
ally determined by observing the throw d produced by 3 known 
amount of charge g. Thus a condenser of known capacity C 
may be charged by a known electromotive force E and dis- 
charged through the galvanometer, giving q^EC^kd from 
which k may be calculated. 

{S) The ballistic galvanometer is frequently used to measure 
what is called the impulse value of the momentary electromotive 
force which is induced in a coil of wire during the time that the 
magnetic flux through the coil is changing by a certain amount 
Thus, a coil containing Z turns of wire is placed in 3 magnetic 
fieldsothatacertainamount of magnetic flux <I> * passes through 

* This flux ^ TeprescDts the flux through ■ mean toiQ of wire on the caH. 
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the coil. The coil is connected to a ballistic galvanometer, then 
quickly removed from the field, and the galvanometer throw d is 
observed. This throw is proportional to the product Z^, so 
that we may write 

Z^ = k'd (ii) 

in which ;f is a constant for a given value of the resistance of the 
galvanometer circuit, and it is to be determined by observing the 
throw produced by a known value of Z^. If the resistance of 
the galvanometer circuit is changed, the value of k' is altered. 

The value of Z^ in the above discussion is the impulse value 
of the electromotive force which is induced in the coil of wire 
during the time that it is being withdrawn from the magnetic 
field. Let t be the short interval of time which elapses during 
the movement of the coil. Then the flux through the coil 
changes from 4> to zero during / seconds, the average rate of 
change of flux is $//, the average value of the electromotive 
force which is induced in the coil is Z^jt, and the product of 
this average electromotive force and the time is equal to Z^. 
The product of the average value of the electromotive force and the 
time during which the electromotive force continues to act is called 
the impulse value of the electromotive force. 

163. Ue^nrement of capacity* — The simplest method of 
measuring the capacity of a condenser is to charge the condenser 
by a known electromotive force, dischai^e it through a ballistic 
galvanometer of which the reduction factor k is known, and ob- 
serve the deflection d which is produced. Then q = kd^ CE 
from which C may be calculated. 

* The most sccurale method for measaring the capacity of a condenser is to use a 
rapidly rotating commutator-device arranged to charge the condenser a known number 
of limes per second from a ballery of known electromotive force and dischai^e the con- 
denser the same number of times per second through an ordinary galvanometer, the 
steady deflection of which measures the average ralue of the current. The most accu- 
rate method for determining the ratio of the capacities of two condensers is by means 
of Wheat stone's bridge, as described in Practical Phyiics, Franklin, Crawford and Mac- 
Natt, Vol. 2, page 133. A method for measuring the ratio of the inductances of two 
coils by means of Wheatstone's bridge is described in Practical Pkysict, Franklin, 
Crawford and MacKutI, Vol. 3, page lag. 
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164. Measurement of magnetic flux. — Consider an iron rod 
through which a certain amount of magnetic flux passes, due, for 
example, to the magnetizing action of a winding of wire through 
which a current is flowing. A reversal of this magnetizing cur- 
rent produces a sudden reversal of the magnetic flux 4> through 
the rod, so that the total change of flux (from + * to — 4>) is 
equal to 24>. An auxiliary coil having Z turns of wire is 
placed upon the iron rod and connected to a ballistic galvanom- 
eter, and the throw d of the ballistic galvanometer is observed at 
the instant of reversal of the magnetizing current Then we 
have 24>Z = k^d, inasmuch as the product of the change of flux 
2* and the number of turns of wire in the coil gives the impulse 
value of the electromotive force, and this is equal to k'd. The 
reduction factor k' of the ballistic galvanometer being known,* 
the value of 4> can be easily calculated. 

Measurement of Magnetic Fields. 

165. Gauss's method for measuring the horizontal component H* 
of the earth's magnetic field, and for measuring the mimetic 
moment of a magnet. — This method involves two independent 
sets of observations, the flrst set being made with a certjun 
arrangement of apparatus and the second set being made with a 
diflerent arrangement of apparatus, as follows ; 

First arrangement. — A lai^e magnet is suspended horizontally 
at the place where H' is to be determined, set vibrating about 
the vertical axis of suspension and the time t of one complete 
vibration is determined by observation. Then from equation 
(23) we have 



- - mlir (i) 



The moment of inertia K of the magnet is to be determined 
from the measured dimensions and weight (in grams) of the bar, 

*A method for delermiaing the valae of f is denribed oa pag« tS, Vol. II, 
Practical Pkysu3, Franklin, Crawford and. MacNatt. 
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Second arrangement. — A small magnet ns. Fig. 2 1 1 , is sus- 
pended at the place which was occupied by the lai^e magnet in 
the first arrangement ; this small magnet being free to turn, points 
in the direction of the magnetic field in which it is placed, that is, 
in the direction of JT. The large magnet used in the first 



' L . I 



3 



arrangement is now placed with its center at a distance d due 
magnetic east or west of the small magnet ns as shown in Fig. 
211. The lai^e magnet then produces at the small magnet a 
magnetic field h which is at right angles to H*, and the 
small magnet then points in the direction of the resultant of 
k and H', having turned through the angle ^ which is 
observed. 

From the diagram, Fig. 21 1, we have 



tan^ = -73 



(ii) 



From equation (17) we have -~mj{d—y)* as the ejqDression 
for the intensity of the m^netic field at ns due to the south pole 
of the lai^e magnet ; and -J- mi{d + J/)* for the field intensity at 
ns due to the north pole ; so that 



>-/)■ (-0" 



(iii) 



This equation may be simplified as follows : Reduce the frac- 
tions ml{d—\tf and tnj{d+^ff to a common denominator. 
We then have 
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k — 2mld • ■ 



(-0" 



Multiply numerator and denominator of the second member of 
this equation by ( i/* + J')* and we have 



In this expression /'/16 may be dropped, since / is small 
compared to d, and /* is very small compared to (f . There- 
fore 

/ = ?'(''' + ^) w 

Substitute this simplified value of k in equation (ii), and we 
have 

tan* = ^,(^^ + -j (V) 

The large magnet may now be placed nearer to ns (Fig, 2 1 1), 
say at distance d^, the correspondii^ angle of deflection being 
4>^, and we have 

The uncertain quantity /, which is the distance between the 
poles of the large magnet, may be eliminated from equation (v) 
with the help of equation (vi), giving 



ml (/' tan ^ — t/,* tan ^, 
11'^ 2{d* - d^*) 



(vii) 



Observations and calculations. — The quantity t, equation ^), 
is observed and K is calculated from the measured mass and 
dimensions of the lai^e magnet, leaving only ml and H' un- 
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known in equation (i). The quantities d,d^, ^ and 0, in 
equation (vii) are observed, leaving only w/ and //' unknown 
in (vii). Equations (i) and (vii) then enable the calculation of 
both ffj/ and f/'. 

If it is desired to determine the strength of the poles of the 
large magnet, the quantity / may be approximately measured, 
and m calculated. 

This method * for determining m/ and 1/ was devised by 
Gauss. 

166. Measurement of magnetic field intensity by means of the 
tangent galvanometer. — When the value of the horizontal com- 
ponent of the earth's magnetic field H' is known, the tangent 
galvanometer may be used to measure the value of the current 
in amperes or abamperes, as explained in Art. 57. If a known 
current (measured by a copper coulombmeter, for example) is 
sent through a tangent galvanometer and the deflection if> ob- 
served, then the value of J/' may be calculated, the number of 
turns of wire Z and the mean radius r of the coil being 
known. 

167. Ueasarement of magnetic field intensity by means of the 
bismntb Indactometer. — The bismuth inductometer is a small 
resistance coil made of fine bismuth wire. Its resistance varies 
with the intensity of the magnetic field in which it is placed. 
The relation between resistance and field intensity being once for 
all determined, the intensity of any field may be found by meas- 
uring the resistance of the inductometer when it is placed in the 
field. 

168. Eohlrausch's method for the simultaneous absolute measure- 
ment of the horizontal component of the earth's magnetic field and 
of cmrent. — The coil of a tangent galvanometer is suspended 
so as to enable the measurement of the torque T with which 
the earth's horizontal field J/' acts upon it. This torque is given 

* For fuller discussion of Gross's method, see A. Graj, AitaliUe Miaatremenis 
in EUctruity and Magnttinn, Vol. II, page 69. 
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by equation (40) in which •jrZr' may be written for A, giving 

T~ trZi^tW (i) 

At the same time the deflection ^ of the needle of the galvanom- 
eter is observed so that, according to equation (36*1), we have 

The mean radius r and number of turns of wire Z in the coil 
being known, and T and ^ being observed, these two equa- 
tions determine the values of both / and H'. 
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APPENDIX A. 

TERRESTRIAL MAGNETISM.* 

1. The earth a great magnet. — The tendency of a compass 
needle to set itself in a particular direction at a given place on the 
earth was at a very early date attributed to some action of the 
earth. The famous Dr. Gilbert, Physician in Ordinary to Queen 
Elizabeth, in his Latin treatise t P^^ forward the important idea 
that the earth is a great magnet, so that, in the language of 




Faraday, there exists a magnetic field around the earth. The 
general character of the earth's magnetic field as to its direction 

* A fairly complete discassion of teirestrial magnetism with muiy impoH>nt Tcfer- 
eoces is given !□ Gray's Triatist on MagmlUm and EUetricity, Vol. I, pages 5S-S4, 
MacmilUn and Compan]', 189S. 

\Dt Magttite magtttlieisqtit corporibta. Tramlated into English &bont 1901 . 
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and intensity at various points on tlie earth is that which would 
be produced by a large magnet inside of the earth with its axis 
slightly inclined to the axis of rotation of the earth, as shown in 
Fig. I. 

2. The compass. Definition of declination. — The compass 
needle is a horizontal magnet which is free to turn about a verti- 
cal axis. The direction in which such a needle points at a given 
place on the earth is called the magnetk meridian at that place, 
and the angle between the magnetic meridian and the geographic 
meridian is called the declination * of the earth's magnetic field 
at a given place. 

3. The dip needle. Definition of Inclination. — The needle of 
a compass is usually weighed at one end to make it lie in a hori- 
zontal plane. A steel bar which is magnetized after being 
.accurately balanced on a horizontal pivot constitutes a dip needle. 
When the horizontal pivot of the dip needle is placed at right 
angles to the magnetic meridian, the 

needle points in the actual direction 
of the earth's magnetic field, as 
shown by the two suspended mag- 
nets ns and ns in Fig. i, and the 
angle of inclination of the needle is 
called the inclination or dip of the 
earth's magnetic field at the given 
place. Figure 2 is a general view of 
a dip needle, or dip circle, as it is 
usually called. 

4. Uagnetic elements. — The di- 
rection and intensity of the earth's *' 
magnetic field at a place is completely specified when the decli- 
nation, the inclination, and the value of the horizontal component 

* Sametimes called the variation of tbe compass. This word variatioa, hon- 
ever, is here used to designate tbe changes which are continually taking pEace in the 
earth's magDetic field. 
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are given. These three things therefore constitute what are 
called the magnetic elements at a given place.* 

5. Magnetic maps. — Figure 3 is a map of the world showing 
the lines of equal magnetic declination for the year 1905. The 
heavy black curves pass through the regions where the compass 
needle points true north, and the numbers attached to the fine- 



Fie- 3- 
Lints of equal mBgnelic decliniCioii. 

line curves are the values of the declination. Thus, in England 
the compass points 20° to the east of north and at San Francisco 
the compass points about 17° west of north. Figure 4 is a map 
of the world showing the lines of equal magnetic dip or incli- 
nation for the year 1905. Thus, the dip needle stands in a 
horizontal position at all places on the heavy curve which is 
marked zero, the magnetic dip in England is about 70° (north 
pole of dip needle down), and the dip at Cape Town, South 
Africa, is about 55° (south pole of dip needle down). Figure 5 
is a map of the world showing the lines of equal horisontal inten- 

* The methods JD use in the Magnetic Observatory at Kew, England, for determin- 
ing the magnetic elements are fullydescribed in Stewart and Gee, Elttaetttary Practi- 
cal Physics, Vol. II, pages z74-3>3- 
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sity. Thus, in England the horizontal intensity is about 0.17 
gauss, and in Florida the horizontal intensity is about 0.30 gauss. 



Lines of equsl magnetic inclinatian. 



Lines of eqnal horizontal intensit;. 

6. Variatioiis of the earth's magnetic field. — Each one of the 
magnetic elements, declination, inclination, and horizontal inten- 
sity, is subject to variations of four distinct kinds, as follows : 
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2q6 elements of electricity and magnetism. 

(a) The diurnal variation, — Each magnetic element is subject 
to a daily periodic change. This is called the diumal variation. 
Thus, the curves in Figs. 6a and 6b show the diurnal variation of 



the magnetic declination at the United States Magnetic Observa- 
tory at Baldwin, Kansas, Figure 6a shows the diumal variation 
in mid-summer and Fig. 6b shows the diumal variation in mid- 
winter. 

{^) The annual variation. — Each magnetic element is subject 
to an annual periodic change which is called the annual variation. 
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(c) The secular variation. — Each magnetic element is subject 
to a slow change from year to year. This is called the secular 
variation. Thus, the curve in Fig, 7 shows the secular variation 
of the magnetic declination at London from 1540 to 1890. 

((/) Magnetic storms. — Each magnetic element is subject to 
erratic variations. These erratic variations occur at times of great 
disturbances in the sun as indicated by sun-spot activity, and also 
at times of great disturbances in the earth such as volcanic erup- 
tions and earthquakes, and they arc called magnetic storms. 
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APPENDIX B. 

SHIP'S MAGNETISM AND THE COMPENSATION OF THE 
COMPASS.* 

7. The ship's compass. — The style of ship's compass which is 
now almost universally used is that which is due to Lord Kelvin. 
The card of this compass is shown in Fig. 8. The points of the 
— compass and the circle divi> 

sions are printed on a paper 
ring to which is attached a 
light rim of aluminum which 
keeps it in shape. Radial 
threads connect the ring to a 
central disk which contains a 
sapphire cap by which the 
compass is supported on an 
iridium point. Eight small 
magnets of glass-hard steel 
are tied to the radial threads 
'■ ■ four on either side of the 

jewel cap, as shown in the figure. The entire weight of the card 
including the magnetic needles, is 170 j4 grains, and this extreme 
lightness combined with the relatively large moment of inertia due 
to the distribution of the mass, insures a long period of free vibra- 
tion and therefore great steadiness. The lightness of the card also 

*A good discussion of this subject is given in Gray's Trtatise on Magnetism and 
EltclHiily, Vol. I, pages 85-100, MacmJilan and Company, 1898. For full details, 
the reader is referred lo Lord Kelvin's Instructions for Adjusting the Compass, to be 
obtained from James White, of Glasgow. The practice in the United States Navy 
concerning the matter of compass errors and compass adjustments is given in several 
smatl pamphlets which are published by the United States Navy Department, and in 
a book entitled A Trtatise en Navigation, by Commander W. C. P. Muir, U. S. 
Navjr, Annapolis, 1906. The practice in the British Navy is given in the Admiralty 
Manual ef Deviatsons of tke Cotnpast. 

2^ 
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gives a very small frictional resistance at the supporting point. 
The compass card with its attached needles Is supported in 3 
copper bowl which is supported on gimbals, so that the compass 
remains horizontal in spte of the rolling motion of the ship. 
The complete instrument is supported on a column which con- 
tains or supports the compensating devices which are explained 
later, and the entire arrangement is called the binnacle. 

When a ship contains no iron or steel the compass points in 
the direction of the magnetic meridian, and a chart like Fig. 3 
enables a navigator to infer the true heading of a ship from an 
observed reading of the compass. When, however, the ship is 
made of iron or steel, or, when it carries a cai^o of iron or steel, 
the compass is usually deflected by the magnetism of the ship or 
of its cargo. In order that a compass may be used for purposes 
of navigation under such conditions the errors of the compass 
may be determined by a careful set of observations, or the in- 
fluence of the ship's magnetism may be compensated, thus 
reducing the compass errors approximately to zero. The latter 
method is the one which is usually employed, and in some cases 
the residual errors which remain on account of incomplete com- 
pensation are determined by a careful set of observations and 
allowed for in the use of the compass. 

8. Ship's magnetism. — A ball of iron which is devoid of per- 
manent magnetism, is weakly magnetized by the earth's field. 
This magnetism, which is not In a fixed direction in the ball, but 
which is always in the direction of the earth's field however the 
ball may be held or turned, is called the temporary magnetism 
of the ball, and it is proportional to the intensity of the earth's 
field. If the ball Is elongated like an ellipsoid Its temporary 
magnetism is not in general parallel to the earth's field, and in 
the case of a long sb'm iron rod its temporary magnetism is in 
the direction of its length and proportional to the component of 
the earth's field which is parallel to it inasmuch as that part of 
the earth's field which is at right angles to a slim rod produces 
no perceptible magnetism. 
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When a ball or rod of iron has a certain amount of permanent 
magnetism, the effect of the earth's magnetic field upon it is to 
produce an additional temporary magnetism, that is to say, the 
magnetism of the ball or rod is the sum of two distinct parts, a 
permanent magnetism and a temporary magnetism. Of course 
the permanent magnetism of a rod may be changed by severe 
mechanical shocks ; the word permanent here refers to that part 
of the magnetism which does not change as the ball or rod is 
slowly moved around in the earth's field. 

Similarly ,an iron ship has a certain amount o^ permanent magnet- 
ism which does not change as the ship moves around in the earth's 
magnetic field and a certain amount of temporary magnetism 
which is due to the magnetizing action of the earth's magnetic field. 
9. Compase errors due to pennaneat niagnetism <rf a ship. — ^The 
permanent magnetism of a ship produces at the compass box a 
magnetic field which is constant in value and fixed in direction 
with reference to the ship. The horizontal com- 
ponent of this field combines with the horizontal 
component of the earth's field to give a resultant 
field in the direction in which the compass needle 
points. Thus, H' in Fig. g represents the hori- 
zontal component of the earth's field, P repre- 
I sents the horizontal part of the magnetic field at 
the compass which is due to the permanent mag- 
netism of the ship, R represents the resultant 
'■ ■ horizontal field at the compass, and 6 represents 

the compass error due to the ship's permanent magnetism. The 
field P rotates with the ship and therefore the compass error 6 
has a series of positive values (to the east) throughout a half 
revolution of the ship, and a series of negative values (to the 
west) throughout a half revolution of the ship. Therefore the 
compass error due to the ship's permanent magnetism is called 
the semicircular error. * 

*The permatieDt magnetisni of the ship contributes also to tbe heelinf; eiror 
which is discussed in Art. 14, and (he so-called semicircular enor is due pittljr to 
the temporniy magnetism of the ship as explained in Art. 13. 
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10. The semldrcnlar correctors. — The ideal compensation for 
the compass errors due to a ship's permanent magnetism would 
be to place a permanent steel magnet in such a position that it 
would produce, at the compass box, a magnetic field equal and 
opposite to the field produced at the compass box by the ship's 
permanent magnetism. As long as the ship remains on an even 
keel, however, it is only the horizontal part P, Fig, 9, of the 
field which is produced at the compass box by the permanent 
magnetism of the ship, which causes the deflection of the compass. 
Therefore it is suflicient to neutralize this horizontal field P. For 
this purpose, one or more horizontal magnets are placed in trays 
in the pedestal of the binnacle and adjusted until they produce a 
field at the compass box which is equal and opposite to P. 
Usually, two such trays are employed, in one of which, magnets 
are placed parallel to the line of the keel of the ship so as to annul 
the bow component of P, and in the other of which, magnets are 
placed at right angles to the line of the keel so as to annul the 
athwart-ship component of P. These two trays with their per- 
manent magnets are called the semicircular correctors. 

IX. Compass errors doe to temporary magnetism of a ship, — 
An idea of the general character of the compass errors which are 
due to the temporary magnetism of a ship may be obtained by 
imagining the ship to be a long slim bar AB, Fig. 10, with a 
compass box at the point C. The earth's horizontal field H' 
may be resolved into two components, one parallel to AB and 
the other at right angles to AB. The component which is at 
right angles to AB has no perceptible magnetiang action on 
AB, the component which is parallel to AB causes the end 
£ to become a north pole and the end A to become a south 
pole, and the magnetic field at C due to these magnet poles is 
parallel to BA and towards A. The magnetic field at the 
-compass box which is due to the temporary magnetism of the 
bar AB in Fig, 10 is represented by the arrow T in Fig, 11, 
the earth's field at the compass box is represented by IP, and 
the arrow R represents the resultant field at the compass box 
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in the direction of which the compass needle points ; therefore 
the angle if> is the compass error. Imagine B, Fig, lo, to rep- 
resent the bow of the ship, and suppose the ship to start with its 
bow due north and swing around to the east, the angle a increas- 
ing from zero to 360°. A careful consideration of Figs. 10 and 
1 1 will show that the angle 4> has a series of westerly values 





throughout the first quadrant (o between zero and 90"), a series 
of easterly values throughout the second quadrant (a between 
90° and 180°), a second series of westerly values throughout the 
third quadrant {a between j8o° and 270°), and a second series 
of easterly values throughout the fourth quadrant. The compass 
error due to the temporary magnetism of a ship is therefore called 
the guadrantal error. 

When the ship's compass is located on the center line of the 
ship so that the iron of the ship is symmetrically placed on the 
two sides of the compass, then the compass error due to the 
ship's temporary magnetism is zero when the ship heads north, 
east, south, or west, as may be shown as follows : When the ship 
beads magnetic north or south, its temporary magnetism is sym- 
metrical as shown in Fig. 1 2, the magnetic field at the compass 
due to the temporary magnetism of the ship is therefore due 
south, and consequently the compass is not deflected. Figure 
13 shows a compass box C placed on the center line of a ship 
of which the dissimilarity of bow and stem is greatly exaggerated. 



Dicized by Google 



SHIFS MAGNETISM. 303 

Imagine the vessel to be made of solid iron and consider the 
transverse slice of iron which lies between the dotted lines in Fig. 






He. 13. 
13. When the bow points east or west (magnetic) the transverse 
slice is magnetized as indicated by the letters N and S, and the 
curved line ff, which represents a line of force due to the poles 
N and S, shows that the field at C which is produced by the 




Rff. 13. 

magnetism of the transverse slice is towards the sooth. What is 
here said concerning a given transverse slice of the ship is true 
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of every transverse slice, and therefore the field at C due to the 
transverse magnetization of the entire ship when its bow points 
feast or west (magnetic) is towards the south, 
and consequently the compass is not de- 
flected. 

12. Compensation of qnadrantal error. 
Quadrantal correctors. — From Figs. 12 
and 13 it is evident that the temporary 
magnetism of the ship weakens the field at 
the compass (T'opposite to if in direction, 
so that the resultant of T and if is less 
than H' ) when the ship heads north, east, 
south or west if the value of T is the 
same in Figs. /^ and ij, it can be shown 
that the temporary magnetism of the ship 
does not tend to deflect the compass, ■what- 
ever the direction of the bow of the vessel. 

To prove this proposition, we will assume 

that the iron of the ship is equivalent to 

two long slim horizontal bars of iron, one parallel to the ship's 

keel (the A-bar) and the other at right angles thereto (the B-bar). 






F 



-(S- 



When the ship is headed north as shown in Fig. 14, the full value 
of If acts to magnetize the A-bar, and the magnetic field T., 
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which is produced at the compass box by the magnetization of 
the A-bar, is proportional * to H' or equal to kjN'. When the 
ship is headed east, as shown in Fig, 1 5, the full value of H' acts 
to magnetize the B-bar, and the magnetic field T^ which is pro- 
duced at the compass box by the magnetization of the B-bar, is 
proportional to IT or equal to A^fT. Therefore, if 7*, = 7^ 
then k^ = jfej. The letter i will be used in what follows for -6, 
and kj. 

Consider the ship when it is headed a degrees east of north 
as shown in Fig. 16. The component of /T which magnetizes 
the A-bar is If cos a, and the 
magnetic field T^ which is pro- 
duced at C by the magnetiza- 
tion of the A-bar \5 k y, IT cos 
a. The component of H' 
which magnetizes the B-bar is 
If sin a, and the magnetic field 
T^ which is produced at C by 
the magnetization of the B-bar 
is kx H' sma. The resultant 
of T^ and 7^ is 




v/?-/ + T* = klf V cos* a -\- s 



^kH' 



(0 



Therefore the resultant of 7^ and T^ is constant in value, and, 
since 7^ = kH' x cos a and 7^ = kW x sin a, it is evident 
that the resultant of 7^ and 7^ is always opposite to If' in 
direction, so that the actual field at the compass box is constant 
in value and always parallel to IP, or, in other words, the 
compass error due to the temporary magnetism of the ship is 
zero on all headings of the ship when T^ in Fig. 14 is equal to 
7^ in Fig. i $. 

The quadrantal correctors. — The quadrantal error of the ship's 
compass is eliminated (that is to say, compensated) by means of 

* Because tbe ■nagaetizBtion of the A-bar is proportional to H", and the field T 
is proportional to the magnetization of the A-bar. 
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two iron spheres 55 which are usually * placed on the two 
sides of the compass, as shown to an exaggerated scale in Fig. 
17. These spheres are called the quadrantal correctors and the 
practical method of adjusting 
^g ~ — — -._,^^ them is explained in Art. 16. 

QC ftw?> '^^^ action of the quadrantal 

correctors may be understood 
with the help of Figs, i So and 
1 8d as follows : When the line 
joining the centers of the two spheres, SS is parallel to H' as 
shown in Fig. i8a, the magnetic field at the point / is more in- 
tense than /f' ; and when the line joining the centers of the 




spheres is at right angles to //' as shown in Fig, 18^, the magnetic 
field at / is less intense than H'. Now the weakening of the 
magnetic field at the compass box by the temporary magnetism of 
the ship when the ship heads east or west is usually greater than 
the weakening of the field lat the compass box by the temporary 
magnetism of the ship when the ship heads north or south. That 

•In some cases, namely, when the coeffieEent ij is greater than the coefficient i,, 
it is necessarji to place the quadrantal correctors fore and aft of the cocipass box. 
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is to say, T is usually greater in Fig. 1 3 than it is in Fig. 1 2, or the 
coefficient i, is usually greater than the coefficient k^. There- 
fore by placing the quadrantal correctors in the positions shown 
in Fig. 17 and moving them closer to or farther away from the 
compass, the weakening of the magnetic field at the compass by 
the combined temporary magnetism of ship and correctors, may 
be made the same with the ship's head north (or south) as with 
ship's head east (or west), and when this condition is reached the 
quadrantal error of the compass is eliminated as explained above. 

13. Compaes error due to the magnetiziiig actioa of the vertical 
compoaent of the earth's magnetic field. — The vertical compo- 
nent V of the earth's field produces a temporary magnetism 
of all the vertical iron in the ship ; this " temporary " magnetism 
remains unaltered as long as V remains unchanged, the ship 
being supposed to stand on even keel ; and therefore the " tem- 
porary " magnetism due to V merges with the permanent mag- 
netism of the ship in the production of the semicircular compass 
error. 

The temporary magnetism due to V is distinguishable from 
the permanent magnetism of the ship, however, because it clianges 
when the ship goes from one port to another where the value of 
V is different. Thus, if the semicircular error is completely com- 
pensated at the home port by means of the semicircular correctors 
(permanent magnets), then a perceptible amount of semicircular 
error will appear when the ship sails to a distant port where the 
value of V is different. In order to overcome this difficulty, 
that is, in order to compensate the semicircular error so that the 
compensation may hold good on a long cruise, it is necessary to 
compensate, by means of the semicircular correctors, only that 
part of the semicircular error which is due to permanent magnetism, 
the remainder of the semicircular error (which is due to vertical 
temporary magnetism) being compensated by means of a vertical 
soft iron rod properly placed near the compass box. The use of 
this rod was proposed originally by Captain Flinders and it is 
usually called Flinders' bar. The action of Flinders' bar may 
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be explained as follows ; When V changes in value the mag- 
netism of Flinders' bar and the vertical temporary magnetism of 
the ship change together, and Flinders' bar being once for all 
adjusted to compensate the effect of the vertical temporary mag- 
netism of the ship, the compensation holds, whatever the value of V 
may be. Flinders' bar is usually about three inches in diameter 
and from 6 to 24 inches long, according to the amount of iron 
in the vessel, and it is usually ** placed forward or aft of the 
binnacle. 

* Figure iga ihowsthe noitb polarity N!fN'^, etc., on the deck of *d iron vessel 
due to llie Tcrtical compooent of tbe eanfa's 6e]d. This north polaritj is distributed 
symmetricallj with respect to the compass box C (ship's inm being symmetrical with 







Fit. 191: 



respect to the compass boi), and it prod 

the horizonlal component is represented by the 

Flinders' bar is placed 



ipass, a magnetic field of which 

a which is parallel to the keel. 

showB, and its north pole A" (upper end 

ith the compass bos, produces at the compass boa a 

a. Figure 19^ shows a side vieirof Fliodeis' 

placed at the point /). Flinders' bai 



of bar) 

field b which is equal and opposite .» 

bar F {the compass box is supposed to be placed at the point f). Flin 

is magnetized by the vertical component V of the earth's magnetic field, a is the 

horizonlal part of the field which is produced at the compass box by the vertical 
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The method of adjusting Flinders' bar is explained in Art. 16. 
14. The heeling envi. — Let us suppose that the semicircular 
and quadrantal errors have been completely compensated by 
means of the semicircular correctors and quadrantal correctors, 
the ship being all the time on an even keel. Under these con- 
ditions a deflection of the compass is produced when the ship 
rolls, or heels over, at sea. This deflection of the compass is 
called the heeling error, and it is due in part to the variation of the 
temporary magnetism of the ship which accompanies the chaise 
of direction of the earth's magnetic field with refyence to the ship's 
iron as the ship rolls, and in part to the permanent magnetism of 
the ship, as follows : The horizontal field P, Fig, 9, is annulled 
by the semicircular correctors, and the vertical component of the 
field at the compass box which is produced by the permanent 
magnetism of the ship is left unaltered by the semicircular cor- 
rectors. By vertical component is here meant that component 
which is perpendicular to the ship's deck, and which, as the ship 
rolls, turns out of the true vertical, and has a horizontal compo- 
nent, at the compass, which deflects the compass. In describing 
the action of the heeling corrector, the heeling error will be assumed 
to be due entirely to the permanent magnetism of the ship. 

Assuming the heeling error to be due entirely to the permanent 
magnetism of the ship, that is, to be due to the component f 
(perpendicular to the deck) of the field which is produced at the 
compass box by the permanent magnetism of the ship, it is evi- 
dent that the heeling error is a maximum when the ship heads 
north or south, and zero when the ship heads east or west ; for, 
when the ship heels over with its head to the east or west, the 
part of f which is projected upon a horizontal plane is directed 
towards the north or south and does not deflect the compass, 
whereas, when the ship heels over with its head north or south, 
the part of f which comes into a horizontal plane is directed 
towards the east or west and it deflects the compass. 
lemporarr mignetism of the ship's iron, and b is (he field produced at the compass 
box by Flinders' bar. 
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The heeling corrector is a vertical steel magnet placed directly 
beneath the compass box and adjusted up or down until it pro- 
duces at the compass box a vertical field which is equal and oppo- 
site to P. The practical method of adjusting the heeling cor- 
rector is explained in Art. l6. 

15. Compass errotB due to magnetic lag. — The temporary 
magnetism of the ship's iron tends to lag behind the magnetic 
field which produces it Thus, after a ship has been standing for 
some time in one direction the magnetism which is produced by 
the earth's field does not at once disappear when the ship turns 
around, but tends to persist. This magnetic lag produces a 
compass error which is known as Gaussin's error and which cannot 
be compensated. 

16. Directions for adjaating the correctors of a ship's compaBs. 
(<j) Adjustment of semicircular correctors. — The quadrantal error 
is zero with ship's head north, east, south, or west Therefore 
any deviation of the compass which exists on these headings is 
due to the semicircular error. With the ship's head north (mag- 
netic), place one or more athwartship magnets in one of the semi- 
circular-corrector trays and move them up or down until the 
compass points north. Then head the ship east (magnetic) and 
place fore and aft magnets in the other semicircular-corrector tray 
and move them up or down until the compass points north. 

(i) Adjustment of quadrantal correctors. — Having corrected 
the semicircular deviation of the compass, head the vessel north- 
east (magnetic) or southeast, southwest, or northwest, and if any 
deviation of the compass exists, place the quadrantal spheres on 
the side brackets of the binnacle and move them in or out until 
the compass reading is correct 

{c) Adjustment of the heeling corrector. — With the ship headed 
north or south in a heavy sea, place the heeling-corrector magnet 
in its tube with its proper end upwards, and raise or lower it 
until the slow motion of the compass due to the rolling motion 
of the ship is nearly eliminated. The proper end up of the heeKng- 
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corrector magnet may be inferred as follows : Suppose that the 
north end of the compass is deflected to the east when the ship 
rolls to the west. Then it is evident that the perpendicular-to- 
the-deck component /* of the field which is produced at the 
compass box by the permanent magnetism of the ship is down- 
wards, because the part of it which is projected into a horizontal 
plane b to the east when the ship's masts roll to the west In 
this case the north end of the heeling-corrector magnet is to be 
placed upwards so as to produce an upward field at the compass 
box. 

(d) Adjustment 0/ Flinders' dar. — Having carefully adjusted 
the semicircular correctors at the home port so as to annul com- 
pletely the semicircular error, the ship is taken to a distant port 
and the semicircular error is observed with the ship's head east 
or west (magnetic). Let this error be represented by ^ ; let 
V and H' be the vertical and horizontal components of the 
earth's magnetic field at the home port and let V^ and H^' be 
the vertical and horizontal components of the earth's field at the 
distant port as determined by observation, or as taken from mag- 
netic charts. The forward (or aft) component of the magnetic 
field which is produced at the compass box by the vertical tem- 
porary magnetism of the ship, is proportional to the vertical com- 
ponent of the earth's field and it is therefore equal to aV at the 
home port and equal to aV^ at the distant port. The deviation 
of the compass which is produced by this field is proportional to 
its intensity and inversely proportional to the horizontal intensity 
of the earth's field. Therefore this deviation is equal to bVjH' 
at the home port and equal to bV^lH.^ atthedbtant port, where 
a and b are proportionality factors. Therefore the observed 
compass deviation ^ is equal to b{yjH'— V,f///), and the 
total compass deviation, 0„ which is due to the vertical tem- 
porary magnetism of the ship at the distant port is equal to 

y,ir,_ Y ifj l ^ ^' 'W^'*^ ^^ ship's head east at the distant 
port (the condition under which ^ was observed), put Flinders' 
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bar into a vertical position in front of, or behind the compass box, 
and move it towards or away from the compass until the compass 
is turned through an angle ^^ in a direction opposite to ip, the 
angle ^, being reckoned from the deflected 
position of the compass. Then eliminate the 
outstanding semicircular error by readjusting 
the semicircular correctors. 

17. Napler'B diagram. — After the compass 
correctors have been adjusted so as to approxi- 
mately compensate the errors of the compass, 
it is customary, for the purpose of accurate 
navigation, to determine the residual errors of 
the compass and allow for them in the use of 
the compass. The ship is swung round and 
for successive actual readings of the compass, 
the compass error is determined by an inde- 
pendent determination of the true magnetic 
heading of the vessel.* Figure 20 shows Na- 
pier's method for representing the compass er- 
rors graphically. The successive actual com- 
pass readings are laid off along the fine vertical 
■ line as an axis, and the compass errors are laid 
off along the fine dotted lines which are in- 
clined at an angle of 60° to the fine vertical line. 
To determine the true magnetic course of 
the ship from the compass reading, start at 
It- 20. ^^^ point on the vertical axis which corresponds 

to the actual compass reading, draw a line parallel to the fine 
dotUd lines from the chosen point on the vertical axis to the 
curve of errors (which is the heavy curve in Fig. 20) ; from the 
point so reached on the curve of errors, draw a line parallel to 

* The trae magnetic beading is defetmined hj a land-mark, if the vessel is in port, 
or by observations on Ihe sun or atara if the vessel is at sea, the declination of the 
compass being known for the place of observatioii. 
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the fine full Unes, and the point where this line cuts the vertical 
axis corresponds to the true magnetic course of the vessel. To 
determine the compass reading corresponding to a true magnetic 
course, start from a point on the vertical axis which corresponds 
to the true magnetic course, travel parallel to the fine full lines 
until the curve of errors is reached and then travel parallel to the 
fine dotted lines until the desired point on the vertical axis (corre- 
sponding to the actual compass reading) is reached. 

The heavy curve in Fig. 20 represents the actual compass 
errors on the old British iron-clad Achilles, and the abscissas of 
the fine sine curves represent the semicircular errors and quad- 
rantal errors, respectively. The maximum value of the semicir- 
cular error is 21° 15', and the maximum value of the quadrantal 
error is 6° 9'. 

Problems, 

1. The semidrcular error of a compass on board ship is found 
to have a maximum value of 20° to the east when the ship heads 
36" west of south. Make a sketch of the outline of the deck 
of the vessel and draw a line on the deck showing the direction 
of the horizontal component of the magnetic field at the compass 
box which is due to the permanent magnetism of the ship, find the 
value of this horizontal component and find the angle between its 
direction and the direction of the keel, the earth's horizontal field 
being equal to 0.2 gauss, Ans, {a) 0,068 gauss, {b) 106° from 
bow towards port side (left side). 

2. What is the value of the semicircular error of the compass 
when the ship specified in problem i heads 20'' north of east ? 
Ans. 19° 21', west of north. 

3. The only error of a ship's compass is that which is due to 
the ship's permanent magnetism, the quadrantal error being com- ' 
pensated. The semicircular error has a value of 6° to the west 
when' the ship's head is true magnetic north and 4° to the west 
when the ship's head is true magnetic northeast. On what true 
headings will the error of the compass be zero? Ans. 38 minutes 
south of east, and 38 minutes north of west 
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4. Suppose that the semicircular error of the ship's compass 
has been completely compensated and suppose that the quad- 
rantal error is observed to be 4° to the west when the ship is headed 
true northeast. What is the deviation of the compass when the 
ship heads 30° south of east Ans. 3° 20' to the east 

Noli. — Id this problem treat the ship u one long slim iroo bar parallel to the 
keel. 

6. (a) A ship is headed true magnetic north (for which posi- 
tion the quadrantal error is zero), and the compass shows a devia- 
tion to the east, A permanent magnet is to be placed in an east- 
west direction (athwartship) underneath the compass box so as 
to bring the compass to true magnetic north. Which end of the 
magnet is to be placed to the east ? {&) The ship is then headed 
true magnetic east and the compass is observed to have a devia- 
tion to the west A permanent magnet is to be placed in an east- 
west direction (parallel to the keel) underneath the compass box 
so as to bring the compass to true magnetic north. Which end 
of the magnet is to be placed to the east? Ans. (a) north end 
east, {p) north end west. 

8, The semicircular and quadrantal errors having been com- 
pensated the ship is headed magnetic south at sea and the com- 
pass is deflected to the west when the ship heels to the east (top 
of mast moves eastward). Which end of the heeling corrector 
magnet must be placed upwards in order to eliminate the heeling 
error ? Ans. North end up. 
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APPENDIX C. 

MISCELLANEOUS PHENOMENA. 

18. Thermo-electricity.* Seebeck's discovery. — In 1821 See- 
beck found that an electric current is produced in a circuit of two 
metals when one of the junctions of the two metals is warmer 
than the other. Seebeck used the arrangement shown in Fig. 2 1 . 

^ ^ The ends of a bent bar of copper 

were soldered to the ends of a 
rod of bismuth, amagnetic needle 
was pivoted between the bars as 
shown in the figure, and one of 
the junctions was heated by a 
spirit lamp. The existence of current is indicated by the de- 
flection of the magnetic needle, and the direction of the current 
which is produced is shown by the arrows in Fig. 21. An 
arrangement such as is shown in Fig. 2 1 is called a thermo-element 

The ihermopUe. — The electromotive force 1 a s > 
of a single thermo-element seldom exceeds a '^l^h^h^h^ 
few thousandths of a volt, even when the two f - - - ^ 
junctions are at widely difierent temperatures, 
A number of thermo-elements may, however, 
be connected in series, as in Fig. 22, in which 
AAAA are bars of one metal and BBBB are 
bars of another metal. Junctions i, 3, 5 and 
7 are heated, while junctions 2, 4 and 6 are kept cool, or vice 
■versa. 

The thermo-element used as a pyrometer.^ — When one junction 
of a thermo-element is kept at a constant standard temperature, 

*A yery good diacusiion of Thermo -el«tri city is giveo in Magnetism and Blee- 
Iricity/ar Students by H. E, Hadley, pages 3S9-382, Maanillan and Company, 1906. 
I A pjTometer is a Ibennometer for measuring Teiy bi^ temperatnies. 
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the electromotive force of the element is a function of the tem- 
perature T of the other junction, and, if the electromotive force 
of the element is determined once for all for a series of values of 
T, then any unknown temperature may be determined by observ- 
ing the electromotive force of the thermo-element when one of 
its junctions is at the standard temperature and the other is at the 
temperature which is to be measured. 

The electromotive force of a thermo-element can * be repre- 
sented with a fair degree of accuracy by the equation 

e =^ a -if bT -ir cT* (i) 

when one junction of the element is kept at a fixed standard tem- 
perature, a, 6 and c being constants. Therefore in order to 
use a thermo-element as a pyrometer, it is sufficient to measure the 
electromotive force e of the element for three chosen known 
values of T. The thermo-element which has proved most satis- 
factory for use as a pyrometer is one employing pure platinum 
and an alloy of platinum and rhodium. 

Tke Peltier effect. — In 1834 Peltier discovered that heat (in- 
dependently of the heat generated in accordance with Joule's 
Law, Art. 1 2, Chapter II) is generated or absorbed at a junc- 
tion of two metals when a current flows across the junction, that is, 
heat is generated when the current flows in one direction and 
absorbed when the direction of the current is reversed ; the gen- 
eration of heat being shown by an increase of temperature of the 
junction, and the absorption of heat being shown by a cooling of 
the junction. For strong currents this Peltier effect is masked 
by the heat that is generated on account of electrical resistance, 
fortherateof generation of heat by the Peltier effect is proportional 
to the current, while the rate of generation of heat on account of 
resistance is proportional to the square of the current The 
Peltier effect is most easily shown as follows : A current from a 
voltaic cell is sent through a thermopile. This current heats one 
set of junctions and cools the other set. The thermopile is then 

*See Magmtism and Electricity for Studentt, H. E, Hadle;, pages 361-367. 
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disconnected from the voltaic cell and connected to a galvanometer 
and the difference in temperature of the two sets of junctions is 
shown by the deflection of the galvanometer. 

The Thomson effect. — When a liquid, like water, flows along 
a pipe which is not at a uniform temperature, the liquid always 
absorbs heat from the pipe at each point when it flows in the direc- 
tion of increasing temperature of pipe, and the Uquid always gives 
out heat to the pipe at each point when it flows in the direction of 
decreasing temperature. Lord Kelvin (then Sir William Thom- 
son) discovered in 1 8 5 1 that an electric current may either absorb 
or give out heat at each point in a wire when the temperature of 
the wire is not uniform. If the electric current absorbs heat at each 
point of a wire when it flows along a wire in the direction of in- 
creasing temperature, the Thomson effect is considered to be posi- 
tive. If the electric current gives out heat at each point when it 
flows in the direction of increasing temperature, the Thomson 
efiect is considered to be negative. 

19. Pyro-electricity.* — A peculiar property of a crystal of 
tourmaline after its temperature had been increased or decreased 
was noted by Daumius in 1 707. The crystal had the property of 
attracting small particles of ashes. Aepinus in 1756 recognized 
this property of a tourmaline crystal as an electrical phe- 
nomenon, and he was able to show that the two ends of 3 
tourmaline crystal become oppositely charged when the tempera- 
ture of the crystal is changed. Very extensive experimental 
studies of the production of electric charges on the surface of 
crystals by changes of temperature were carried out by Hankel, 
beginning in 1839. Hankel found that the property of becoming 
charged by a change of temperature is common to all crystals, 
although hemihedra! crystal forms show the efiect more strik- 
ingly. A method for demonstrating this so-called pyro-eUctrk 
property of crystals is to place a mixture of finely-powdered sul- 
phur and red lead in a fine cotton sieve and dust it upon the 
crystal after the temperature of the crystal has been changed. 

• See Wiedemann, Die Lehri von der EUktrUUSi, Vol. II, pages 316-340. 
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The effect of the cotton sieve is to give a negative charge to the 
sulphur particles and a positive charge to the red lead particles, 
so that the sulphur particles cling to the positively charged parts 
of the crystal and the red lead particles cling to the negatively 
charged parts of the crystal. 

Pieso-eUctricity.^ — In 1880 it was found by J. and P. Curie 
that many kinds of crystals become electrically charged when 
they are subjected to pressure. This effect is produced in hemi- 
hedral crystal forms when a crystal plate with its faces at right 
angles to the hemihedral axis is compressed between two metal 
plates. The effect is to charge the two metal plates oppositely. 

20. Hagnetic rotation of the plane of polarization of light, — 
Faraday t discovered in 1846 that a transparent substance such 
as glass or carbon bi-sulphide rotates the plane of polarization of 
light when it is placed in the magnetic field and when the light is 
passed through it in the direction of the magnetic lines of force. 

31. The Hall effect.| — When a conductor through which an 
electric current is flowing is placed in a magnetic field, the con- 
ductor is acted upon by a force which pushes it sidewise as ex- 
plained in Chapter IV. Ordinarily this force does not alter the 
distribution of current in the conductor, that is to say, the cur- 
rent is not pushed to one side of the conductor. E. H, Hall 
discovered in 1880, however, that the current is pushed to one 
side of the conductor to a very slight extent in some metals, 
especially in bismuth. This peculiar effect is satisfactorily ex- 
plained by the electron theory of metallic conduction (see Lodg^e's 
Electrons, pages 106-109). 

22. The Eerr effect, g — One of the most universally applicable 
principles in physics is the principle of superposition, so-called, 

• See WiedemanQ, Die Lthre von dcr EltktririlSt, Vol. II, pages 341-346, and 
Vol. IV, pages 12S0-12S4. 

■f See Faraday's Biptrimental Raearckis, Series tg, 1846. A description of 
Faraday's eiperimeDts and of later eiperitnents along the same lice is given in 
Wiedemann, Die Lekri von der Etektridtat, Vol. Ill, pages 907-968. 

X See Wiedemann, Dit Lehre von der ElektHcitSI, Vol. Ill, pages 192-I94. 

g See Wiedemann, Die Ltkrivon der EleklricilSI, Vol. II, pages IJ6-136. 
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which in its most general form may be stated as follows : Given 
a cause which produces an effect which is proportional to it. 
Then two such causes acting together produce an effect which is 
the sum of the effects which they would produce if they acted 
separately, and the tot^ effect may be divided into two parts 
which correspond to the two parts of the cause, or in other 
words, each cause produces the same effect that it would produce 
if it were acting by itself. One of the best examples of this 
principle is that light passes from two windows, for example, 
through the same region to the eyes of two observers and each 
observer sees his window distinctly, that is to say, the light 
travels through the given region from each window exactly as if 
it were traveling through the region alone. This principle of 
superposition is quite accurately true in most of the phenomena 
of the electromagnetic field. It was discovered, however, by 
Kerr, in 1875 that an isotropic transparent substance such as 
glass or oil becomes doubly refracting when subjected to a strong 
electric field. 

23. The Zeeman effect* — About 1900 it was predicted by 
Lorenz and experimentally verified by Zeeman, that the light 
emitted by a hot vapor is altered in a peculiar way when the 
vapor is placed in an intense magnetic field. The character of 
this alteration when the emitted light travels parallel to the lines 
of force of the magnetic field is as follows : Imagine an atom to 
consist of a positively charged nucleus with one or more nega- 




B 

FlE. 33. 
•Sm lodge's Electrons, pages 109-115. 
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tively charged satellites revolving round the nucleus as repre- 
sented in Fig. 23. Imagine the region in Fig. 23 to be a mag- 
netic field directed towards the reader. The effect of such a mag- 
netic field would be to push outwards on the satellite a, thus 
increasing its periodic time of revolution, whereas the effect would 
be to push inwards on the satellite a', thus decreasing its peri- 
odic time of revolution. Now the hypothesis which has been 
used in the discussion of the Zeeman effect is that a given line of 
the spectrum of the hot vapor is due to the rotation of a certain 
satellite in the atom, at a certain speed The plane of the orbit 
of this particular satellite has every possible orientation in the dif- 
ferent atoms of the vapor as shown by A, B and C, Fig. 23, 
and, when the vapor is not in a magnetic field, the periodic time of 
rotation of the satellite a is the same for all the atoms. When, 
however, the vapor is in the magnetic field, the periodic time of 
the satellite a is increased, the periodic time of satellite a' is 
decreased, and the periodic time of satellite a", the plane of 
whose orbit is parallel to the magnetic field, is unaltered. There- 
fore, instead of one single spectrum line corresponding to the given 
satellite, there will be three lines, one in the original position and 
one on each side of the original position. 

24. Llppmann's electrometer.* — A pool of mercury underneath 
an electrolyte, such as dilute sulphuric add, can of course be 
used as an electrode of an electrolytic cell. When this is done 
the surface tension of the mercury is altered, the change of sur- 
face tension being approximately proportional to the polarization 
electromotive force (electromotive force between the metal and 
the electrolyte). This change of surface tension of mercury by 
electrolytic polarization may be demonstrated by the change in 
level of a mercury column in a capillary tube when the surface 
of the mercury column is polarized. This effect was discovered 
about I S70 and it was employed by Lippmann in the construction 
of a capillary electrometer in which the movement of a mercury 

• See Wiedemann, Dit Lihri von dtr EUkiricUat, Vol. H, piiges 708-7*0, for % 
foil discussion of the polailntion of mercnry. 
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column in a capillary tube is used as an indicator of electromotive 
force. 

2fi. Electric osmosis. * — A U-tube AB, Fig. 24, is filled 
with water and provided with two platinum electrodes, and an 
electric current is sent through the cell in the direction of the 
arrows. The bend of the tube is filled with fine sand. Under 
these conditions the water is 



found to rise in the arm . 

and fall in the arm A, or, 

in other words, the current 

causes the water to diffuse 

through the sand from A to 

B. This forced diffusion of 

a liquid through a porous 

diaphragm is called electric 

osmosis. It was discovered 

in 1807 by Reuss. This 

effect is greatly reduced "'■^''■ 

when a good conducting liquid, such as an acid or salt solution, 

is used instead of water. In 1835 Becquerel discovered that 

fine particles of clay or other material suspended in water are 

caused to travel in one direction or the other when an electric 

current is sent through the water. 

26. The change of electrical resistance of selenium by Uluml- 
iiatlon.t — Willoughby Smith, in 1873, discovered that the elec- 
trical resistance of metallic selenium is reduced to one half or one 
third of its normal value when the selenium is exposed to brilliant 
sunlight 

27. Atmospheric electricity. — It was shown by Benjamin 
Franklin about 1760 that the lightning discharge is identical in 
its nature to the ordinary electric spark. Very little was learned 
after Franklin's time concerning the cause of atmospheric elec- 




• See Wiedemann, Dii Lehre vc 
t See WedeoMnn, Die Lehtt vi 



I der EUkiriciiat, Vol. II, psges 166-195. 
\ dtr EltklriHiat, Vol, I, pages 547-551. 
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tricity until about 1896 when the electron theory had been de- 
veloped. The present theory of atmoapheric electricity as devel- 
oped chiefly by Wilson, of Cambridge, England, is as follows : 
When moist air is cooled, the water vapor always becomes super- 
saturated unless there are nuclei present upon which the water 
vapor can condense. It has been experimentally demonstrated 
that both positive and negative ions can serve as condensation 
nuclei, and that a lower degree of super-saturation is required to 
cause the negative ions to act as condensation nuclei than is re- 
quired to cause the positive ions to act as condensation nuclei. 
The upper regions of the atmosphere where the ultra-violet rays of 
the sun's light are very intense, are strongly ionized, and, when the 
water vapor in these upper regions becomes super-saturated by 
cooling, the negative ions, becoming loaded by the condensation 
of moisture, fall towards the earth leaving the upper regions of 
the atmosphere positively electrified. The great intensity of the 
electric phenomena of the atmosphere during the summer time is 
probably due to the fact that during the summer the condensa' 
tion of moisture takes place at very great altitudes where the ioni- 
zation of the atmosphere is very great, whereas during the winter 
time most of the condensation which takes place occurs at very 
much lower altitudes where the atmosphere is not strongly ionized. 
Lightning protection. — The use of the lightning arrester 
for protecting electrical machinery is described in Chapter VI. 
The use of the lightning rod for the protection of buildings 
against damage by lightning is due to Benjamin Franklin. A 
lightning rod is simply a good conductor leading as direcUy as 
possible from a point above a building to a good ground connec- 
tion in moist earth. A house which is not guarded by a lightning 
rod may not be damaged, and, in many cases, houses which are 
guarded, are severely damaged, but statistics show that the num- 
ber of casualties is very greatly reduced by the use of lightning 
rods. There is therefore no question as to the usefulness of the 
lightning rod. Information concerning lightning rods may be 
obtained from Sir Oliver Lodge's book Lightning Conductors and 
Lightning Guards, Whitaker & Co., London, 1892. 
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APPENDIX D. 

MISCELLANEOUS PRACTICAL APPLICATIONS.* 

28. Tlie Morse telegraph is an arrangement for signalling 
between distant stations as follows : An insulated wire leads from 
one station to the other and back. The ground is generally used 
instead of a return wire. An electric current from a battery or 
other source is sent intermittently through this circuit by operat- 
ing at one station a key which makes and breaks the circuit 
This current excites an electromagnet at the other station, and 
the armature of this electromagnet makes a graphical record on 
a moving strip of paper, or produces sound signals which are 
interpreted by the operator at the receiving station. 

Relays and sounders. — A fairly strong electric current is 
required to operate the instrument which produces the signals at 
a telegraph receiving station, and it is not desirable to send so 
strong a current over a long line because of the great number of 
voltaic cells that would be required. This difficulty is obviated 
by the use of the relay. The current in the line flows through 



many turns of fine wire which are wound upon an electromagnet 
at the receiving station. This magnet actuates a very light lever 
and this lever is arranged to open and close what is called a loccd 

* ManjF of the practical applications of electricitj and magneti^a bave becD described 
in the foregoing chapters. 
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circuit as it moves back and forth between stops. Figure 25 is a 
view of such an instrument, which is called a relay. The local 
circuit which is opened and closed by the relay contains a battery 
which supplies the large current that is required for the operation 
of the instrument which produces the sound signals. This 
instrument is called a sounder. It consists of an electromagnet, . 




Fig. 26. Fie. 27. 

which is wound with moderately coarse wire and which actuates 
a massive lever and produces audible signals as it moves back 
and forth between stops. Figure 26 shows the ordinary tele- 
graph sounder. Figure 27 shows an ordinary telegraph key. 

29. The polarized relay. — The ordinary relay which is shown 
in Fig, 25 responds to a make-and-break key. By using the 
proper tension on the spring which pulls the lever back (see Fig. 
25), the lever of the ordinary relay may be made to respond to 
increase and decrease of current, whereas a quick reversal of cur- 
rent may not affect the instrument, inasmuch as the lever may not 
have time to move perceptibly while the current is passing 
through zero value. 

The polarized relay is so constructed as to respond to reversals 
of current, but not to respond to increase and decrease of current. 
An electromagnet NN^, Fig. 28.2, is mounted, as shown, upon 
one pole of a U-shaped permanent magnet A light iron lever 
a. Fig. 28*, pivoted at p, passes through a slot in the south 
pole SS of the permanent magnet, between the poles NN^ of 
the electromagnet, and plays between the stops /' and p". 
This lever a is magnetized inasmuch as it bridges over from the 
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south pole 55 of the permanent magnet to the soft iron cores 
JVN^ which stand upon the north pole of the permanent magnet 
When a current flows in a certain di- 
rection through the coils of the elec- ' 
tromagnet iWV, one of its poles, N'^, 
for example, becomes a strong north 
pole and attracts the lever a. When 
the current is reversed, the other pole 
N becomes a strong north pole and ^^^ 
attracts the lever a. Thus, the lever leu iruaHcr 
a is pulled towards A^, or towards A'' 
according to the direction of the cur- 
rent which flows through the coils of 
the instrument, and a local circuit con- ^' 
nected, as shown in Fig. 281^, may thus be opened and closed at 
will by repeated reversals of the current through the winding 
of the electromagnet AW,, 

The ordinary relay is usually called the neulral relay to dis- 
tinguish it from the polarized relay. 




30. Diplez telegraphy. — The sending of two messages in the 
same direction over one line wire simultaneously is known as 
diplex telegraphy. This is accomplished as follows : At the send- 
ing station are two keys. One of these keys is arranged to vary 
the strength of the current in the line (never actually breaking 
the circuit) by throwing a number of voltaic cells in and out of 
circuit as it is operated. The other key is arranged to reverse 
the direction of the line current as it is operated, the line current 
being in one direction while this key is down, and in the other 
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direction while it is up. At tiie receiving station a. neutral relay 
and a polarized relay are connected in circuit with the line. The 
neutral relay responds to the key which varies the strength of 
the line current, and the polarized relay responds to the key 
which reverses the line current 

31. Duplex telegraphy. — The sending of two messages in oppo- 
site directions over one line wire simultaneously is known as 
dufiUx UUgraphy. This is accomplished as follows ; .Fig. 29 rep- 
resents the arrangement of apparatus at one station. An exactly 

similar arrangement is 
installed at the other 
station. Let <: be the 
total resistance of the 
line through the distant 
station to the ground. 
Then the resistances a, 
b, c and ff form aWheat- 
'■ ' stone's bridge. When 

these resistances are so adjusted that alb = c\d, then the key 
at the home station may be pressed without sending a current 
through the home relay. When the key at the home station is 
pressed, however, current flows over the line to the other station, 
and it is easily seen from the figure that a line current coming to 
a station divides, and flows in part through the relay at that sta- 
tion. Therefore the relay at each station responds to the move- 
ments of the key at the other station. 

32. Quadniplez telegraphy. — The sending of two mess^es 
each way over one line wire simultaneously is known as quadru- 
plex telegraphy. This is accomplished by combining the arrange- 
ments for diplex and duplex telegraphy. The single key repre- 
sented in Fig. 29 is replaced by two keys, one for reversing the 
current and the other for altering its strength ; and the siijgle 
relay is replaced by two relays, one a neutral relay and the other 
a polarized relay. With this arrangement the polarized relay at 
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each station responds to the reversing key at the other station, 
and the neutral relay at each station responds to the key at the 
other station which alters the strength of the current 

33. The prlntiiig tel^iaph is an arrangement by means of which 
a simple form of typewriter is operated at a distant station from a 
keyboard at a sending station. A simple fonn of printing tele- 
graph is as follows : * Twenty-six equidistant pins are arranged 
in a helical row around a long metal cylinder. This cylinder is 
rotated by a small electric motor or by clockwork, and above the 
cylinder is a bank of twenty-six lettered keys so arranged that 
when a key is depressed, one of the pins comes against it and the 
cylinder is stopped in a certain position ; the next key would 
stop the cylinder ^ of a revolution farther on, and so on. At- 
tached to the rotating cylinder is a device for reversing an elec- 
tric current fifty-two times for each revolution of the cylinder. 
This repeatedly reversed electric current passes over the tele- 
graph line and through two electromagnets at the receivii^ 
station. One of these electromagnets is like a neutral relay with 
a heavy lever, and the other is like a polarized relay with a light 
lever which oscillates with the rapid reversals of current and 
actuates an escapement which turns a ^^e wheel with the twenty- 
six letters arranged round its periphery. This type wheel is thus 
turned step by step, keeping pace with the rotating cylinder at 
the sending station. 

When the cylinder at the sending station is stopped by de- 
pressing a key, the A-key, for example, the current-reversing 
device stops also, a steady current flows over the line, the tongue 
of the polarized relay stops oscillating, the type wheel stops, and 

* When a person is thonmghlf fkmfliu' with the elements which enter into the cod- 

itruction of a machine, that ti, when a person is familiar with shafts and wheels, aod 
with simple devices like switches for opening and closing electric circuits and for re- 
veisiag coonections, a moie easily intelligible description of a complicated machine 
can be made without illuitratiTe diagrams and drawings than can be made with the 
help of diagiams and drawings. In (act, it is confusing under the specified conditions 
to baTB recourse, even, to a working roodel of a complicated machine, when the object 
in Tiew is to impart a clear idea of its fundamental features. 
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the steady current excites the neutral relay, the lever of which 
pushes a strip of paper against the type wheel and prints the 
letter A. When the key at the sending station is raised, the cur- 
rent reversals begin again, the type 
wheel at the receiving station starts, 
and at the same time the'lever of the 
neutral relay falls back and actuates a 
device which moves the strip of paper a 
step forward for the printing of the 
next letter. 

84. Subnuuine telegraphy. — Figure 
30 shows a full-size sectional view of a 
submarine telegraph cable. The con- 
ductor at the center consists of a number of strands of copper 
wire. Surrounding this is a layer of gutta percha, and the whole 
is protected by a covering of tarred hemp and steel wire. 



— — ■ — ^"b 



The conductor and metal sheath of the cable, together with 
the intervening insulator, constitute a condenser of large electro- 
static capacity. The effect of this large electrostatic capacity is 
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as follows : At the instant a battety is connected to a cable a very 
large current begins to flow into the cable. Most of this current 
goes to charge the cable, and, as the cable becomes charged, the 
entering current falls off in value, settling finally to a steady value 
which is determined by the resistance of a cable. The ordinates 
of curve A in Fig. 3 1 show the successive values of the current 
which enters a cable from a battery. At the distant end of 
the cable an infinitesimal current begins almost at the instant 
the battery is connected at the sending station, and, as the cable 
becomes charged, thk current rises in value until it reaches a 
steady value very nearly equal to the steady value of the enter- 
ing current The curve B, Fig, 31, shows the growth of cur- 
rent at the distant end of a cable when a battery is connected to 
the near end. When the battery is disconnected the current 
which enters the cable ceases at once, and the current at the dis- 
tant end drops slowly to zero as the accumulated charge flows out 
of the cable. 

Distortion of current pulses by a cable. — The curve a, Fig. 32, 
shows the character of the current pulse which enters a cable when 



a battery is momentarily connected to the cable, and the curve b 
shows the character of the current pulse which flows out at the 
distant end of the cable. The action of a cable in thus alter- 
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ing the character of a current pulse is called distortion. Land 
lines distort current pulses to some extent, and the distortion 
seriously impairs the distinctness of telephonic transmission if the 
land line is fairly long (see Art. 147). 

The curve a, Fig. 33, represents four short current pulses 



hhhh 




sent into a cable at one end, and the curve 6 represents the re- 
sultant pulse of current which flows out of the cable at the other 
end. Tk£ receiving instrument in submarine telegraphy is a gal- 
vanometer wkich is arranged to trace the resultant current curve at 
the receiving end of the cable, and the separate current pulses that 
are sent into the cable at the sending end are inferred from the 
slight kinks in the curve which is traced by the receiving instrument 
The distortion of electric current pulses by a submarine cable 
is analogous to the distortion of pulses of water current by a long 
thin-walled rubber tube. 

35. The syphon lecorder is the receiving instrument used in 
submarine telegraphy. It consists of a D' Arson val-type gal- 
vanometer, the moving coil of which is attached by means of a 
fine thread to a syphon of very fine glass tube. This syphon 
takes ink from a small reservoir and traces an ink line upon a 
moving paper ribbon. When the galvanometer coil is quiet a 
straight line is traced upon the moving paper. When signals are 
being received the varying current which flows through the gal- . 
vanometer coil causes the coil to move and the glass tube traces 
a wavy line upon the moving paper. It is necessary for the 
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syphon to move sidewise with the utmost freedom, and therefore 
the tip of the syphon cannot be allowed to rest against the mov- 
ing paper. This difficulty was overcome in the early form of the 
syphon recorder * by keeping the ink reservoir and syphon highly 
charged with electricity by means of an influence machine, thus 
causing the ink to issue from the tip of the syphon in the form of 
a fine Jet. In the present form of the recorder the syphon is 




kept vibrating rapidly against the paper so as to trace a finely 
dotted line as the paper moves while at the same time the side- 
wise motion of the syphon is not hindered by friction. The essen- 
tial features of the syphon recorder are shown in Fig. 34. 

* The sypboD lecoider was devised by Lord Kelria, who contributed more, perhaps, 

to the development of transatlantic telegraphy than any other man. Id an article by 
Professor W. E. Ayrton, which appeared in the London Times shortly afier Lord Kel- 
vin's death (reprinted in Papular Seiente Monthly for March, 1908), ranch interesting 
iDFotmstion is given concerning what Kelvin did for gubmarine telegraphy. "When 
signals through the 1S58 Atlantic cable became weak, and a message from the Fiesi- 
ilent to our Queen took thirty hours in transmission although containing only 150 
words, and which would need only three or four minutes to transmit through any one 
of our good Atlantic cables of to-day, the only remedy of those who looked down 
upon the theories of the young Glasgow professor was to use Whitehoose's " thunder 
pump," a magneto-electric machine which produced a sudden large electromotive 
force when the armature of the permaaent magnet was jerked off the poles of the 
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36. The telephone consists of a thin sheet-iron diaphragm D, 
Fig- 3 5, which is very near to one end of a steel magnet M with 
a winding of fine insulated wire C, 

The action of t/u teUplwne as a transmitter. — When the tele- 
phone first came into use, the same instrument was used as trans- 



mitter and receiver, being moved alternately from mouth to ear of 
the speaker. The action of a telephone as a transmitter is as 
follows : The coil C being near the end of the magnet M, only a 
portion of the magnetic flux from M passes through the coil. 
When the diaphragm moves nearer to the end of the magnet, a 
greater portion of the magnetic flux from the magnet passes through 
C and when the diaphragm moves farther away from the magnet, 
a smaller portion of the magnetic flux from the magnet passes 
through C. Thus, as the diaphragm D vibrates, the magnetic 
flux through the coil C increases and decreases. This pulsa- 
tion of the flux through the coil C induces an electromotive 
force in the coil, and this induced electromotive force produces a 
current in the coil and in any circuit to which the coil is con- 
nected. This induced current flows in one direction while the 
diaphragm is moving towards the magnet, and in the other direc- 
tion while the diaphragm is moving away from the magnet. 

77te action of a telephone as a receiver. — If a current passes 
through the coil C first in one direction and then in the other 
m^net Bat these shocks only sent sparlis tbrough the gulta-percha iDsulaliog coat- 
ing and hurried the poor ca.h1e to its doom, so that even the three nords per minate 
^hich would have been the utmost limit of speed possible had this cable been entirely 
uninjured, were replaced by absolute silence." 
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direction, the magnet M will be alternately weakened and 
strengthened, the force with which the magnet attracts the dia- 
phragm will vary accordingly, and the diaphragm will be caused 
to move to and fro in unison with the reversals of current. 

Consider two telephones, A and B, connected in circuit. A 
sound strikes the diaphragm of telephone A and causes the 
diaphragm to vibrate. Telephone A acts as a transmitter, and 
telephone B acts as a receiver, as explained above, and the dia- 
phragm of telephone B is caused to vibrate in a manner exactly 
similar to the vibrations of the diaphragm of telephone A, and 
thus the diaphragm of telephone B reproduces the original 
sound. 

37. The carbon transmitter. — The alternating current which is 
produced by a telephone acting as a transmitter is very weak 
even when the transmitter telephone is exposed to a loud sound. 
The carbon transmitter is an arrangement by means of wfeich a 
vibrating diaphragm may control a strong battery current and 




cause a strong induced current to surge back and forth through 
the telephone line in unison with the movements of the diaphragm. 
The arrangement of the carbon transmitter is shown in Fig. 36, 
The current from a battery passes through the primary P of 
a small induction coil and through a mass of granular carbon C 
which lies between a carbon block B and a diaphragm DD. 
The electrical resistance of the granular carbon varies with the 
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pressure exerted upon it by the vibrating diaphragm, this causes 
the battery current to fluctuate, the fluctuating battery current 
induces an alternating current in the secondary S of the induction 
coil and this alternating current passes over the line and actuates 
the receiver telephone at the distant station. 

38. Wireless telegraphy.* — The intensity of the magnetic 
field in the neighborhood of an isolated magnet pole decreases 
as the square of the distance increases, and the intensity of the 
magnetic field at considerable distances from a complete magnet 
(having two opposite poles) decreases as the cube of the distance 
increases. The energy of a magnetic field is proportional to the 
square of the field intensitj' and therefore the energy of the mag- 
netic field in the neighborhood of an isolated pole decreases as 
the fourth power of the distance increases, and the enei^ of the 
magnetic field at considerable distances from a complete magnet 
decreases as the sixth power of the distance increases. The 
same laws of decrease of the energy apply in the case of the 
electric field due to an isolated charge and in the case of the 
electric field due to a doublet consisting of two opposite chains 
near together, respectively, In the case of wave motion of any 
kind which spreads out uniformly in all directions from a source, 
the energy falls off as the square of the distance increases. 
Therefore an enormously greater amount of energy can be 
brought into action at great distances from a source of disturbance 
by wave motion than by actions which produce a steady distribu- 
tion of field. This remarkable property of wave motion is illus- 
trated by the ^miliar fact that an audible effect may be produced 
upon the ear of a distant person by the wave disturbance in the 
air which is produced by a vibratory motion, whereas an ex- 
tremely violent but steady circulation of air produced, for ex- 
ample, by a powerful fan-blower, does not lead to any perceptible 
energy manifestations at moderately great distances from the 
blower. In consequence of the very great energy manifestations 

* This utjcle describet th« simple origioal uruigenieDt whidi is due to Marcooi. 
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at a distance due to wave motion as compared with the extremely 
small enei^ manifestations at a distance due to steady actions, 
it may be said that the only feasible method * of signalling at 
moderately great distances is by means of wave motion. 

The use of the vocal organs for producing sound waves and 
of the auditory organs for perceiving them at a distance, consti- 
tutes the most familiar example of " wireless " signalling. The 
term wireless telegraphy is applied particularly to the use of an 
electric oscillator for producing electric waves and an electric 
resonator or detector of any kind for perceiving the waves at a 







distance. This system of electric wave signalling is due to Mar- 



The sending apparatus or oscillator. — A charged body, an 
expanse of metal, is suspended in the air so as to be thoroughly 
insulated from the earth. This body of metal is usually made 
of many strands of wire WW, Fig. 37, which are supported by 
guy wires GG from poles, as shown, the guy wires beii^ 



•Where a 
pipe, 01 « strii 



•■ enei^ b oot t 



along ■ wetl-deGned path like a wire, or a 
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provided with insulatii^ links //. The body of metal WW, 
which is separated from the ground by a short air gap ^, 
is connected to one terminal of a high voltage induction coil, the 
other terminal of which is connected to the earth, the body of 
metal WW is charged until the air gap g breaks down, the 
discharge which takes place is oscillatory in character as ex- 
plained in Chapter IX, and electric waves pass out in all direc- 
tions from WW. 

The receiving antenna. — A long vertical wire is suspended by 
insulating supports at the receiving station and connected to earth 
J through a device which is called a 

detector. The passage of the electric 
waves causes electric charge to surge 
° up and down in this vertical wire or 

antenna, and the weak alternating 
current thus produced actuates the detector and produces the sig- 
nal at the receiving station. The detector which was used in the 
earlier days of wireless te- 
legraphy was the coherer 
of Branly, The essential 
parts of this coherer are 
shown in Fig, 38. It con- 
sists of two short brass 
rods between which is a 
loose mass of metal filings. 
This coherer is connected S : 
across the air gap of the re- 
ceiving antenna or resona- 
tor as shown in Fig. 39, in 
which 5 is an ordinary 
telegraph sounder. An 
auxiliary device, not shown tttfmMud 

in the figure, is used to 

keep the metal filings vibrating slightly. Under these condi- 
tions the filings do not conduct the battery current to any 
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perceptible extent. When, however, electric waves act upon the 
antenna, the slight current which is produced in the antenna is 
forced through the filings and produces what seems to be a 
welding together of the particles of the filings at the points 
of contact At any rate, as long as a slight amount of current 
is forced through the filings from the antenna, the filings form a 
good conducting path for the battery current and the sounder is 
excited, but, the moment the electric waves cease, the vibratory 
motion of the metal filings causes them to become detached from 
each other and the battery current ceases. 

Figure 40 shows the trend of the electric lines of force in the 
electric waves as they approach the receiving antenna. The 



ft 
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magnetic lines of force are horizontal and perpendicular to the 
"■plane of the paper. 

39. Electric lighting. — One of the most extended applications 
of the electric current is in the production of artificial illumination. 
This is usually accomplished by the heating to incandescence of a 
high resistance portion of a circuit, by the electric current. The 
high resistance portion of the circuit, together with its mounting, is 
called an electric lamp. Two types of electric lamp are in gen- 
33 
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era! use, namely, the glow lamp, or incandescent lamp, and the 
arc lamp. 

The glow lamp consists of a fine filament or wire of highly re- 
fractory material which is enclosed in a glass bulb from which the 
air is exhausted. In the older type of glow lamp the filament Is 
made of charred vegetable material upon which a dense deposit of 
carbon is formed by heating it in the vapor of gasoline. The 
heating is accomplished by sending an electric current through 
the filament The carbon-filament glow lamp consumes from 
three to four watts for each candle of light emitted. Thus, a 16- 
candle carbon filament lamp consumes about 5 5 watts. 

Recently several varieties of metal-filament glow lamps have 
been placed on the market The earliest of these was the 
osmium lamp, the filament of which is made of metallic osmium 
which is sufficiently refractory to stand a temperature high enough 
to emit one candle of light with a consumption of about i ^ 
watts. The scarcity of metallic osmium, however, was a serious 
obstacle in the way of extensive use of the osmium lamp. The 
next metal filament lamp to be placed on the market was the 
tantalum lamp, in which the filament consists of a wire of metallic 
tantalum. In the tungsten lamp, which is now coming into ex- 
tensive use in Europe and America, the filament consists of me- 
tallic tungsten. The carbon filament lamp consumes from 3 to 4 
watts for each candle of light emitted, the osmium lamp con- 
sumes about I J4 watts per candle of light emitted, the tantalum 
lamp consumes about 2 watts per candle, and the tungsten lamp 
consumes about i % watts per candle. The greatest difficulty 
with the metal filament lamps is that the filament must be exces- 
sively fine to give a low candle power lamp with the standard volt- 
ages now in use for lighting purposes (i 10 volts and 220 volts), 
because of the low specific resistance of metals as compared with 
carbon. This difficulty is greatly enhanced in the case of the 
tungsten lamp by the excessive brittleness of the material. 

The arc lamp. — When an electric arc is formed between carbon 
points as described in Chapter VIII, the carbon points become 
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intensely heated and give off a very brilliant light The arc 
lamp is a mechanism for automatically moving two carbon rods 
so that a steady electric arc may be maintained between the ends 
of the rod. There is a great variety of arc lamp mechanisms but 
the following description will serve to give an idea of their action : 
The current comes into the lamp and divides as shown in Fig. 4 1 . 
A very small portion of the 
current flows through a 4g 

shunt coil B without pass- ' ■ 

ing through the arc, and the 
remainder flows through 
the coil A and thence 
through the arc. An iron 
rod AB, passing loosely 
into the two coils A and 
B, is carried upon one end 
of a lever which is pivoted 
at the point /. The other 
end of this lever is provided with a clutch c through which a 
smooth brass rod bb passes. This clutch c is so constructed 
that it releases the rod bb when the iron rod AB b raised, thus 
allowing the carbons to come together. Each of the coils A 
and B acts to pull the rod AB into itself, and a spring which 
is attached to the lever is so adjusted that when the arc is burning 
properiy the combined action of this spring and the two coils A 
and B holds the lever in such a position that the clutch grips 
the brass rod bb. As the arc continues to bum, the carbons 
are slowly consumed, causing the gap between the carbon tips to 
widen. This increases the resistance of the arc and causes a 
greater portion of the current to flow through the shunt coil B 
which pulls up on the iron rod AB, moves the lever, releases 
the clutch, and allows the rod bb to fall slightly, thus bringing 
the carbons again to the proper position. 

A variety of arc lamps have been developed in which the light 
is emitted by the arc itself. Thus we have the so-called _/Zo«m«^- 
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arc lamp in which the carbon rods arc impregnated with metallic 
salts, the vapors of which give an intensely luminous arc. An- 
other form of arc lamp in which the arc itself is intensely luminous 
is the magnetite arc lamp in which the arc is formed between a 
rod of compressed titanium carbide and iron oxide (the cathode) 
and a rod of copper (the anode). The result is the vaporization 
of the iron oxide and the production of an intensely luminous 
arc. 

40. The dectndytiG intennptw (Wehnelt). — The primary cir- 
cuit of an induction coil is usually interrupted by a vibrating reed 
or spring which makes and breaks contact between two platinum 
points. Wehnelt discovered that the sudden generation of 
oxygen on a small platinum anode in dilute sulphuric add causes 
an abrupt stoppage of the electric current This effect is utilized 
in the electrolytic interrupter as follows : A glass jar CC, Fig. 
42, is filled with dilute sulphuric add and provided with two 
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electrodes / and /. The anode / is a tip of platinum wire 
projecting from a glass tube, and the cathode / is a large plate 
of lead. The electromotive force between the mains, which must 
be 30 volts or more, causes a sudden rush of current through the 
cell CC and through the primary of an induction coil. This 
rush of current generates a layer of oxygen over the platinum 
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tip which stops the current abruptly. The layer of oxygen then 
collects as a bubble and rises, leaving the platinum tip again in 
contact with the acid when another rush of current takes place, 
and so on. From 200 to i,5cx) interruptions per second maybe 
produced by this arrangement according to the size of the plati- 
num tip, the inductance of the circuit and the value of the electro- 
motive force. 

41, Electric velding. Thomson's process. — The two metal 
rods to be welded are connected to the terminals of an electric 
generator and brought into contact with each other. The cur- 
rent, flowing across the 
relatively high resistance 
contact, heats the ends of 
the rods to the melting 
temperature, the rods are 
then pushed slightly to- 
gether and the weld is 
complete. Altematmg cur- 
rent is generally used in 
this welding process ; a 
transformer takes current rie.^j. 

at high voltage from ordinary supply mains and delivers a very 
large current at very low voltage to the rods to be welded. 

The wet process. — When a direct-current generator having an 
electromotive force of from 200 to Jcx) volts is connected to an 
electrolytic cell with small cathode, the cathode becomes intensely 
heated. This effect is utilized for welding as follows : The two 
rods a and b. Fig. 43, which are to be welded are connected 
to the negative terminal of the dynamo D, The positive ter- 
minal of the dynamo is connected to a metal nozzle from which 
a jet of salt water issues. This jet impinges upon the ends of 
the two rods and quickly fuses them together. 
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APPENDIX E. 

MECHANICAL AND ELECTRICAL ANALOGIES. 

The mechanical analogies which are pointed out in Art. 62 of 
Chapter V, in Chapter VI, in Arts, 89 and 93 of Chapter VII, 
and in Arts. 106, 107 and 108 of Chapter VIII are here collected 
together for convenience ol reference, and the mechanical anal- 
ogies of electrical oscillations are added : 
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Abodfofniaii m issap- 

ported hf a flal spring; S, 
clamped in t. vise as showQ 
Id Fig. a. A force F piub- 
iDg sidewiie OD m mores it 
a diiUnce x, which is pro- 
portionai to fl according 
to equation (l6]. When 
itBjted the body m will con- 
tJnne to vibrate back and 
forth and the period r of iti 
vibialions ii determined bjr 
equation (19). 



Fig. h. 

A bod/ of moment of in- 
ertia JC is hmig bj a wire 
as shovm in Fig. fi. A 
torque 7" acting on the body 
will turn the body and twist 
the wire through an angle 
f, which is proportional to 
T, accoiding to equation 
(17). When itaHed, the 
body will vibrate about the 

period t of its vibrations 
is determined by eqaation 



Rf-c. 

A condenser C it con- 
nected to the terminals of 
a coil of inductance £ as 
shown in Fig. c. An elec- 
IromoHve (brce £ acting 
anywhere in the circnit 
pushes into the condenser 
a charge f, which is pio- 
portioiial to £, according 
to equation (l8). When 
started the electric charge 
will surge back and forth 
through the coil, constitut- 
ing what is called an oscil- 
latory current and the period 
of one oscillation ii deter- 
mined by equation (ai ), 
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Abampere, deiiiution of, 98 
Abcoulomb, definition of, 161 
Abfarad, definjtioa of, t66 
Abheory, defiaitioD of, I43 
Abohm, definitioD of, 99 
Absolute electrometer, the, 183 
measurements, 376 

Abvolt, defioitioD of, 99 
AgiDg of penDanent magnets, 83 
Alloys, lesistiTities of, 28 
Altercating current, 125 
Attemating-cuirent dj^amo, the, 135 

transfonnei, mechanical ana- 
li^e of, 195 
the, 133 
electromolive force, 125 
Alternator, see altemating-cnrreDt dj- 

Aluminnm, numubcture of, 5 
Ammeters and volbaeteii, 43 
Aninieter, the, 3 

shunts, 49 
Ampere, definition of, 98 

the international standard, 8 
Anati^es, mechanical and electrical, 342 
Anion, deGnition of, 6, 10 
Anode, definition of, 5 
Arc, the electric, 833 

lamp, tlw flaming, 340 
the magnetite, 340 
Armature of direct-cuitent dynamo, 12S 

of the alternator, 1 36 
Astatic system of magnets, 1 1 a 
Atmospheric electricity, 331 
Attraction, electrostatic, 163 

Ballistic galTanomeler, the, 161, 385 

Battery, the electric, see voltaic cell 
tho »t(»age, *ee storage cell 



Bell telephone, the, 331 
Bismuth iudoctoneter, the, 390 
Blow-out, the magnetic, 153 
Branched ciccuits, 44 
Branly*! coherer, 336 
Brush discharge, the, 3t6 

Calcium carbide, manufactore of, 36 
Canal rays, 337 
Capacity, electrostatic, 1G5 
measuTement of, 165, 3S6 
mechanical analc^e of, 1 68 
units o^ t66 
Carbon transmitter, the, 333 
Carbait, H. S., DeterminaHon of Elec- 
ttochtmical Equtvalitit of SUver, 
8 
On the Thermedyaamics of Ike Fol- 

taU Oil, 35 
and Patterson, Eltctrical Mtasim- 
mmts, 163 
Cathion, definition of, 6, 10 
Cathode, definition of, 5 

Centimeter, the, as a unit of inductance, 
"43 

Charge, concentrated, electric field due 
to, 179 
electric, see electric chai^ 

Charges, concentrated, attraction and re- 
pulsion of, 180 

Charging by contact and teparatkm, 199 
by influeoce, 301 

Chemical effect of the electric current, i, 
4.S 

Choke cent, the, 151 

Cbromicacid cell, 14 

Circular mil, definition of, 37 

Clarke sUndard cell, [6, 384 

"Climax" metal, 38, 30 
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Coheccr, the Branty, 336 
Collector Tingt of tbe >l(eniator, 126 
Combined lesistonce of > number of 

brmchei of a drcoit, 47 
CoiTimiltator of dircct-CQ Trent dyn&TnO|IS9 
Compaai coirecton, adjwtment of, 310 
quadnotnl, 304, 306 
lemiciTcular, 301 

errors, 300 

heeling corrector o^ 310 

the, 62, 293 
CoDcentiated charge, field due to, 179 

charge^ attraction and repulsion of, 
180 
Condenser, mechanical BJiali^ue of, 166 

potential energ;^ of a charged, 1 70 

the, 160, 165 
Conductivity, definition of, 97 
Coodactors of elcctridtf , I 
Convective discharge, 314 
Copper, electrolytic refining of, 5 
Conlonib, definition of, 161 
Coalomb's L^ir of magnetic attraction, 64 
Coolombmeler, the, S 

the litver, ai 
Crookes tube, the, 316 
CorTenl density at an electrode, 8 

measurement of, 176 
Cycle, definition of the, i»7 

Danoeel'i EUiirachemKtry, 5 
Dauiell cell, see gravity cell 
D'Arsonval galvanometer, the, 113 
Decay of current in an inductive circtdt, 

149 
Declination, magnetic, 393 
Demagnetization by reversali, S4 
Diamagnetic substances, S7 
Dielectric, inductivity of, 1 68 

strength, 174 

(tiengths, table of, 176 

the, 163 
Dip, magnetic, 393 

needle, the, 393 
Diplei telegraphy, 325 
Ditect-CDirent dynamo, fiindamental eqaa- 
tionof, 131 



Direcl'Carrent dynamo, the, 117 
Discbai^e by convection, 214 
by dismplion, 214 
from metallic point*, 3lS 
Disraplive discharge, 214 
Diuodation theory of electrolysis, appli- 
cations of, II 
of electrolysii, the, to 
Dolezaleic, Tht ThtoryofthtLiadStor- 

agt Cell, 18 
Doubler, the electrical, 196 
Drop of voltage, 39, 40 
Dry cell, the, 13 
Dnbob, H, , Mapulic Circuit in TTitery 

anJ Praitict, 81 
Duplex telegraphy, 326 
Dynamo, direct-current, "fundamental 
equation of, I3I 
the alternating-current, 125 
the direct-cnrTenl, 127 

Dynamos, type* of, 124 

Edison- LaLande cell, 15 
Eddy currents, 1 36 

examples of, 136, 137 
Electric absorption, 166 
arc, the, 232 
chaise, 160 

measurement of, 161 
Qniti of, 161 
cnrrent, chemical effect of, i, 4, 5 
direction of, 6 
heating effect of, 4, 35 
hydraulic analogue of, 4 
magnetic effect of, t, 93 

tof, by electrolysis. 



strength of, magnetically de- 
fined, 98 
discharge in gases, 224 
field, direction of, 174 

due to a concentrated charge, 

"79 
energy and tenuon of, 185 
intensity of, 1 72 
mechanical analogue of, 164 
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Electric Geld, mechanical conception td, 

the, 163 

flu», 177 

furnace, the, 36 

generator, the, 114 

lightJDg, 337 

machine, the fiictional, 301 

machinei of the iniiuence type, 303 

momenlmn, 141 

definition of, 155 

motor, the, 134 

oici nations, 341 

OKillatoi, 251, 354 

osmosis, 331 

potential, 186 

qnrk in a gas, 314 
the, 164, 3IS 

wave distoTtioQ, 369 
■ wave*, 343 

welding, 341 

whirl, the, 319 
Electrical and mechanical analogjet, 341 

condnctors, I 

doubler, the, 196 

insuUtore, I 

measuremeDtn, ^^6 

resistance, 15 
Electrically charged bodies, 1 63 
Electrochemical eqiiivalenl,deGnilioDof,9 
Electrodes, definition o^ 5 
ElectrodyrumonieleT, the, 109 

Siemeiks', no 

the Weber, no 
Eleclrokinetic energy, 141 



Electrometer, the absolule, 183 

the quadrant, lee electrostatic volt- 
Electromotive force, deGnitioD of, 3J 

drop, 39, 40 

hydraulic analc^e of, 36 

induced, 117 

measurement at, 3S3 



current dennty in, 8 

diisociatioD theory at, 10 

Faraday's Laws of, 9 
Electrolyte, definition of, 5 
Electrolytic cell, defioilion of7 S 
Electromagnet, the, 6t 
Electjomagaetic system of units, iSo 

theory a branch of mechanics, 117 

wave, Telocity of, 367 
Electromignelisin and fern 

ai9 



Electrophorus, the, 303 
Electroplating, 4 
Electroscopes, 209 
ElpWutatic attraction, 1 63 

of concentrated charfjes, 180 
of parallel plates, 181 
capacity, «ee capacity 
system of units, iSo 
voltmeter, the, 184 
Electrostatics, the phenomena of, 194 
Ene^QT, potential, of a charged condenser, 
170 
stream In electromagnetic Geld, 345 
E»ty, WillLam, Eltmmtt of Eltelncal 

£.ttgUittring, 81 
Ewing, J. A., Magnetic Induction in 

Iron andothir Mitaii, Si 
Ewing* s theory of the magnetization of 
iron, S6 

Farad, deGnition of, 166 

Faraday units, see electrostatic system of 

Faraday's eiperiment, ai3 

discovery of indaced electromotive 

Law's of electrolysis, 9 

Ferrom^Detiva and electrtHnagnetlui), 
6t 

Field, electric, see electric Geld 
magnetic, see magnetic Geld 
windings, shunt and series, 139 

Flaming-arc lamp, 340 

Flinders' bar, 307 

Fluoroscope, the, 230 

Flui, electric, 177 

Flux-tnms, definition of, 155 

FocDsii^ tube, the, 13 1 
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Franklin, E. C, ApplUaHon ef Diitotia- 

tioH Tkfory, I a 
FnnkliD, W. S.. Elcmtnts of EUetntal 

Kngineering, 8 1 
FrequcDcjr, definition of, 137 

Galvuiic cell, see *iillaic cell 
Galvsnometer shanu, 49 
the ballistic, 161 
the D'Arsonval, 113 
theKehin, iia 
the tanpmt, 104 
Gauuin's error of the compau, 310 
Gauss's method for measuring the bori- 
Eontal component of the earth's mag- 
nelic field, 74, 287 
Geissler tube, the, 226 
Generator, the electric, 1 24 
Gibbi, H. H., Appluolion ef Diaecia- 

tioM Jitaiy, 13 
Glow lamp, the, 339 
Gold leaf electroscope, 209 
Graiitf cell, the, 14 

Gray, Andrew, Absolute Mtanmmtttls, 
"44 
Trtadii oh Magmtisnt and 
Mledrici/y, 292 
Grenel cell, see chromic-add cell 
Growth of current in an inductive circuit, 
146 

Hadlejr, H. E., Magneliitn and Site- 

iricHy/or Siudtnti, 316 
Hall effect, the, 318 
Heating effect of electric current, 4, 25 
HeaTiside, EUctremagnitu Thtory, Vjl 
Heeling corrector of compass, 310 

error of compass, 309 
HelmhoIW'i Tktory of MomecyeHc Sys- 

ttmi, 117 
HenrjF, definition of the, 143 
Hertz, Oh EUcIHc Wavn, 264 
Hydraulic analogue of electnunotirefwce, 
36 
of the electric cnirent, 4 

Inclination, magnetic, 393 



Induced electromotive force, I17 
Uwo^ 121, 123 



definition of, [4a 

measurement of, 144 

mecbanicat analogne of, 144 

mutual, definition of, 156 

of % long solcDoid, 154 

units of, 143 
Indnction coil, the, 131 
Inductive circuit, growth and decay of 

current in, J46, 149 
Inductivity of a dielectric, 16S 
Inductivities, table of, 169 
Inductometer, the bismuth, 390 
InsuIalioD resistance, measurement of, 

283 
Insulators of electricity, i 
Intensity of electric field, 173 

of magnetic field, 66 

of magnetisation, 84 
International standards, history of, by F. 

A, Wolff, 276 
Ions in gases, 323 
Ionization of a gas, 233 
Iron, magnetixation of, 8t 

Jones's Tkary of Eleitrolytic DUsmia- 

lion, S 
Joule's Law, 25 

application of, to a portko of a 
circuit, 38 

Kelvin galvanometer, the, lis 
Kerr effect, the, 318 
Key, the tel^taph, 324 

I^Dunation, 136 

Lamp, the electric, 338 

Larmor, Joseph, Mthtr and Matter, 343 

Leblanc's Electrtcltemistry, S 

Lenz's Law, 117 

examples of, 130, 136 
Lighting, electric, 337 
Lightning arrester, the, 153 

protection, 331 
Line of force, definition of, 65, 70 
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LippmuiD's el«c±r(Mneter, 330 
Local action and Tollaic action, 16 
Lodge, Sir Oliver, EUctrans, 236, 

Lightning Conductors alKt 

Lightning Guards, 323 
Modem Viaas of EUaricity, 
34a 
Loreiu't method for measuring reustasce, 

278 
Lyndf^ Storagt Batliry EngtHttring, 



Magnet, behavior ai, in a nnifonn 6eld, 
73 
in a noD-nnlfbnn 6eld, 74 
near an electric wire, 94 
the, 61 
pole, algebraic ngn of, 65 

and flux, general relation be- 

itrength of, 63 

distribnted and concentrated, 63 
the pennoDent, 62 
Magnets, astatic system of. III 

pennanent, 83 
Mimetic attTBCtioi), Coolomb's Lav, 64 
blow-out, the, 152 
efTect of the electric current, I, 93 
elements, 393 

field, action of upon suspeoded coil, 
106 
around a magnet pole, 67 
inside of a long solenmd, lol 
fateositr of, 66 
measurement of, 287 
mechanical conception of, 143 
. near a long slim pole, 7 [ 
the, 6j 

tension and energy of, 76 
nnifonn, action of, upon n 
magnet, 73 
and non-unifbm, 67 
non-onifonn, action of, u^oa a 
magnet, 74 
fields, composition of, 68 
resolntion of, 69 
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Magnetic figures, 65 
fltu and pole strength, genera] re- 
lation between, 7 1 
delimtion of, 69 
measurement of, 287 
lix>ni a magnet pole, 70 
maps, 294 

rotation of polarization of light, 3 1 8 
saturation, S4 
separator, the, 76 
Magnetism of iron, 61 
residual, 83 
terrestrial, 292 
Magnetite arc lamp, 34a 
Mi^etization, intensity of, S4 
of Iron, 81 

Swing's theory of, 86 
molecular theory of, S5 
Msnganin, 32 

Marconi, wireless telegraphy, 334 
Maxwell, definition of the, 70 
Maxwell's EliclricUy and Magn^ism, 

162 
Measurement of current, 376 
of capacity, 286 

of electric current by electrolyMs, 7 
of electromotive force, 2S2 
of insulation resistance, 282 
of magnetic fields, 387 

flux, 387 
of power, 384 
of resistance, a6, 278 
Measurements, electrical, 376 
Mechanical analogies of electTOOotive 
force and resisUncc, 117 
of induced electiwnotive force, 
118 
analogue of condenser, t66 

of electrically chai|;ed bodies 

and of the eieclric field, 164 
of inductance, 144 
and electrical analogies, 342 
conception of electric Geld, 343 

of magnetic field, 243 
theory versus atomic theory of elec- 
tricity, 219 
Microbrad, definition of, 166 
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Mil, definilion of the, 37 

MilliToltmeter, tb«, 50 

Mamentuin, electric, 141 

Mone telegraph, the, 3, 333 

Molor, the electric, 124 

MulliptyiiiK coill for voltmeters, ;o 

Multipolar djnamo, the direct-current, 

'30 
Mutual indnctsDce, ilefiiiitit» of, 1 56 

Napier's diagrun, 313 
Non-indiictive drcuits, I43 

Ohm, definition of, 16, 99 

the international standard, 26 
Ohm's Law, 37 

applic&tkiD of, to a portion of a 
circuit, 38 
Open-dicuit cells and closed-circuit cells, 

OsclUstiotu, electric, 243 
Osdilator, the electric, 353, 354 
Osmosis, electric, 311 
OioDe, the production of, 333 

Parallel and series connectioni, 44 

Farunagnetic substances, 87 

Patterson and Caihut, E/rctrical Mtas- 

urimcnts, 163 
Patterson, G. W, , DtifrmittaHim efEUc- 

trechimical, Eguivaltnt 0/ SOvir, S 
Peltier effect, the, 316 
Permanent magnet, the, 61, 83 
magnets, a^ng of, 83 

Kezo-electricty, 318 

Pith-ball electroscope, the, 309 

Polarized relay, the, 324 

Folarizilion of the voltaic cell, 43 

Poles of ft magnet, (>t 

Potential nlifference, definition of, 40 

Potential, electric, 1S6 

energy of a charged condenser, 170 
Potentiometer, the, 2S3 
Power, measurement of, 384 
Poynting, J. H., 0» the Energy Stream, 

Primary coil of induction coil, 133 



Printii^ telegraph, the, 337 

Pyro-c'cctricity, 317 

I^rometer, the thermo-electric, 315 

Quadrant electrometer, the, see electio- 

Quadrautal compass correctoiB, 304, 306 
Quadmplei telegraphy, 326 

Radio-activity, 334 
Relay, the polarized, 334 

the telegnph, 323 
Reudual magnetism, 83 
Resistance, combined, of a number of 
branches, 47 

electrical, 15 

measurement of, 36, 378 

specific, see reastivity 

temperalore coefBcient of, 33 
coefficients of, Uble of, 28 

variation of with temperature, 31 
Resistivity, definilion of, 17 
Resistivities of alloys, 2S 

table of, 28 
Rheostat, the, 30 



then 



r, 30 



Roentgen rays, 330 

Rosa, E. B., papers on Measurement of 

Inductance, 144 
RuhmkoHf coil, the, 131 
Rutherford, E., Radio-activity and Ra- 

dis-aclvBi Tramformations, 234 

Saturation, magnetic, 84 
Secondary coil of induction coil, 133 
Selenium, properties of, 331 
Self-induced electromotive force, 146 
Self-induction, coeiGcient of, see indnc- 

Semicircular compass correctors, 301 
Series and parallel connections, 44 

and shunt field windings, 129 

dynamo, the, 129 
Ship's compass, the, 198 

magnetism, the, 399 
Shimt and series field windings, 139 

dynamo, the, 139 
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Shunts, me of, vrith galvanometeTS and 

■nnneters, 49 
Siemens' electrod^uoometer, tio 
Silver coalombmeter, the, ll 
SoddjF, Frederick, Radio-activily, 134 
Solenoid, msgoetic field ioside of, loi 
Saiuder, the telegraph, J23 
Sp«rlf *t break, I4I 

glouge, the, 177 

microlDeter, the, 177 

electric, in a gas, 314 

the electric, 164 
Sparking distances in air, table of, 177 
Specific Inductire capacity, see indoctiTitj 
Standard cell, Clarke, 16 

cells, 384 

ohm, the international, 36 
Step-up and stcp-dovn transformation, 134 
Storage cell, the, iS 
Strength, dielectric, 174 

of a magnet pole, 63 

of current, magnetically defined, 9S 
Strengths, dielectric, table of, 176 
Submarine telegraphy, 328 
"Superior" metal, aS, 30 
Syphon recorder, the, 330 

Table of dielectric strengths, 176 

of inductivilies of vaiioos dielectrics, 
169 

of sparking distances in air, 1 77 
Tangent galvanometer, 104 
Temperature coelTicients of resistance, 3 

coeflicients of resistance, table of, a 
Telegraph, the Moise, 3, 333 

the printing, 327 
Tel^raphy, diplei, 325 

duplex, 326 

quadruples, 336 

submarine, 328 

wireless, 334 
Telephone, the, 32a 
Terrestrial magnetism, 39a 
Thermo-electricity, 315 
Thermo-element, 315 
Thermopile, the, 315 
Thomson efTect, the, 317 



EX. 351 

Thomson, J, J., AppHcaliontefDynatitits 

to Physies and ChanUiry, 117 
Thomson's, J. J,, Conduction cf EUc- 

IrUity Through Cases, aaj 
Toepler-Holtz machine, the, 204 
TranstbrmaticHi, step-np and step-doivn, 

'34 
Transformer, current and electromotive 
ibrce relations of, 135 

the altemating-corrent, 133 

the alternating current, mechanical 
anklogae of, 195 
Transmitter, the carbon, 333 

the telephone, 333 
Units, electromagnetic system of, iSo 

electrostatic system of, 180 
Vacaum tnbe, the, 326 
Volt, definition of, 36, 99 

definition of, on the basis of Ohm's 
Law, 38 
Voltaic action and local aclion, 16 

cell, the, 13 

cells for closed drcaits, so 
lor open circuits, 20 
types o^ 13 
Voltage drop, 39, 40 
VoKameter, the, see the coulombmeler 
Voltmeters and ammeters, 43 
Voltmeter multiplying coils, 50 

the electroiUtic, 1S4 
Water waves in a canal, 357 
Wattmeter, the, 384 
Wave distortioa, 261, 369 

electromagnetic, velocity of, 267 

the electromagnetic, 26a 
Waves, electric, see electric waves 

in B canal, 257 
Weber's electrodynamometer, no 
Welinelt's inlerruptcr, 340 
Welding, electric, 341 
Weston cell, the, 284 
Wbeatstone's bridge, 383 
WimshuTSt machine, the, ao6 
Wireless telqraphy, 334 
Zeeman effect, the, 319 
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